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Hydraulic model studies of Palo Verde Mversion Dam, 
a part of the Palo V e r b  Diversion Project, were conducted in  the 
laboratory of the Bureau of Reclamation a t  Denver, Colorado, dur- 
ing the period from October 1954 t o  December 1955. 

The f i n a l  plans evolved from t h i s  study were developed 
through the cooperation of the s t a f f s  of the Dams Branch, the 
Canals Branch, the Mechanical. Branch, the Hydrology Branch, and 
the Hydraulic Laboratory Branch. 

During the course of t h e  model studies,  Wssrs. L. G. 
Puls, F. A. H O U C ~ ,  andE. L. Watson of the Dams Branch, andA. W. 
Kidder and J. A. Hufferd of the Canals Branch frequently v is i ted  
the laboratory t o  observe the model t e s t s  and t o  discuss results 
with A. J. Peterka, E. J. Carlson, and G. L. Beichley of the 
Hydraulic Laboratory Branch. 

These studies were conducted by G. L. Beichley and 
supervised by A. J. Peterka under the direction of H. M. Martin. 



Page 

S v  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 . . . . . . . . . . . . . . . . . . . . . . . . . .  Introduction 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  The Models 4 

. . . . . . . . . . . . . . .  The 1 : 28.3 Scale Sectional W&l 4 . . . . . . . . . . . . . . . . .  The 1 : 50 Scale Overall Model 5 

. . . . . . . . . . . . . . . . . . . . . . . .  The Investigation 7 

. . . . . . . .  Developrent of Spillway i n  the Sectional Model 8 

. . . . . . . . . . . . .  The ~re l imina ry  spillway $ection 8 . . . . . . . .  Spillway Section with 25-foot-rs;lius Bucket 11 
Recommended Spillway Section with Horizontal Apron . . . .  12 

. . . . . . . . . . . . . . . . . .  Spillway i n  Overall Model 13 

. . . . . . . . . . . . .  Flow Through the Approach Channel 13 . . . . . . . . .  Flow Through the Spillway . . . . . . .  16 . . . . . . . . . . . .  Flow Through the Discharge Channel 16 

. . . . . . . . . . . . . . . . . . .  Canal Headworks Structure 19 . . . . . . . . . . . . . . . . . . . . . . . . . .  Rock Weir 20 

. . . . . . . . . . . . . . . . . . . .  General Description 20 . . . . . . . . . . . . . . . . . . . .  Removal of the Weir 20 
. 4 . . . . . . . . . . . . . . . . . . . . . .  Spillway Capacity 24 

. . . . . . . . . . . . . . . . . . . . . .  Sectional Mdel 24 . . . . . . . . . . . . . . . . . . . . .  The Overall Model 26 

. . . . . . . . . . . . . . . . . . . . . . . .  River Currents 29 

Figure 

Palo Verde Diversion Project.. Location map . . . . . . . . .  . . . . .  Palo Verde Mversion Barn.. General plan and sections 
Palo Verde Mversion Dam.. Spillway overflow section and p i e r s  
Pal0 Verde Diversion Run.. Spillway left abutment waJ.1 . . . .  
Palo Verde Diversion Dm.. Spillway 50- by 24.91-foot r a d i s l  

gate general i n s t a l l a t ion  . . . . . . . . . . . . . . . . .  
Palo Verde Diversion Dam-.Headworks, plan, elevation, and . . . . . . . . . . . . . . . . . . . . . . . . .  sections 



Figure 

. . . . . . . . . . . . . . . .  Outline of prototype area modeled 7 
Aeria l  view of temporary rock w e i r  . . . . . . . . . . . . . . .  8 i 

. . . . . . . .  Temporary rock weir discharging 16. 000 second. f ee t  9 . . . . . .  Flood damage t o  temporary rock weir.. looking upstream 10 
Flood damage t o  temporary rock weir.. looking toward l e f t  bank . . 11 b 
Flood damage t o  temporary rock weir- booking toward l e f t  bank . . 12 . . . .  Palo Verde Diversion Dam.. Removal of temporary rock weir 13 . . . . . . . . . . .  Palo Verde Diversion Dam.. T a i l  water curves 14 
Sectional spillway model . . . . . . . . . .  .,. . . . . . . . .  15  
Overall model . . . . . . . . . . . . . . . . . . . . . . . . . .  16 
Overall model layout . . . . . . . . . . . . . . . . . . . . . .  17 . . . . . . . . . . . . . . . .  Preliminary 30-foot -radius bucket 18 . . . . . . . . . . . . .  Preliminary spillway bucket discharging 19 
Preliminary spillway bucket discharging with and without 

modifications . . . . . . . . .  .. . . . . . . . . . . . . . . .  20 . . . .  Modification of t he  preliminary ba f f l e  i n  spillway bucket 21 
Preliminary spillway bucket with ba f f l e  modifications 

discharging . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 . . . . . . . . . . . .  Spillway section with 25-foot-radius bucket 23 . . . . . .  25-foot-radius bucket with modifications discharging 24 . . . . . . . . . . . . . .  25-foot-radius so l id  spillway bucket 25 . . . . . . . .  S i l l  and baf f le  arrangements on horizontal  apron 26 
Horizontal apron a t  elevation 245 with various end s i l l  

arrangements . . . . . . . . . . . . . . . . . . . . . . . . .  27 
Horizontal apron at elevation 245 with various end s i l l  and 

ba f f l e  arrangements . . . . . . . . . . . . . . . . . . . . . .  28 
Preliminary spillway approach area . . . . . . . . . . . . . . .  29 
Preliminary spillway approach area model views . . . . . . . . .  30 . . . . . . . . . . . . . .  Preliminary canal headworks s t ructure  31 . . . . . . . . . . . . . .  Left spillway approach t ra in ing  wall  32 . . . . . . . . . . . .  Flow pat terns  i n  t he  preliminary approach 33 . . . . . . . . . . . .  Flow pat terns  i n  the  preliminary approach 34 
Flow pat terns  i n  the  second spillway approach . . . . . . . . . .  35 
Flow pat terns  i n  t.he thipd spillway approach . . . . . . . . . .  36 
Recommgnded spillway approach . . . . . . . . . . . . . . . . . . .  37 
Flow pat terns  i n  the  recommended spillway approach 38 * . . . . . . .  
Flow currents  through the  recommended spillway approach and 

gate section . . . . . . . . . . . . . . . . . . . . . . . . . .  39 
Recommended spil lway discharging . . . . . . . . . . . . . . . .  40 i~ 
Tentative curve t o  a i d  i n  determining r iprap s izes  . . . . . . .  41 . . . . .  Discharge channel erosion trends.. Recommended spillway 42 
Discharge channel waves.. Recommended spillway . . . . . . . . . .  43 





DEPARTMENT OF THE IIITERIOR 
BIJREAU OF RECLAMATION 

Commissioner's Office--Denver Laboratory Report No. ~yd-408 
Division of Engineering Laboratories Compiledby: G. L. Beichley 
Hydraulic Laboratory Branch Reviewed by: A. J. Peterka 
Denver, Colorado Submitted by: H. M. hh r t in  
June 4, 1956 

Subject : Hydraulic model s tud ies  of Palo Verde Diversion Dam 

SUMMARY 

Hydraulic model s tud ies  of Palo Verde Diversion Dam,  including 
the  spillway, tne canal  neadworks, the  ex i s t ing  temporary rock weir,  and 
the  edjzcent reaches of t h e  r i v e r  channel, Figures 1 through 14,  were 
made on two models including a 1:28.3 sca le  sec t iona l  model of one s p i l l -  
way bay, Figure 1 5 ,  and a 1:50 scale  overa l l  model, Figures 16 and 17. 
Model data  showed t h a t  the  general concept of the  preliminary design was 
s a t i s f ac to ry ,  however, severa l  modifications were necessary t o  develop 
the f i n a l  plans. 

The shape of the spillway section,  including the s t i l l i n g  basin, 
was developed from comprehensive t e s t s  on the  1:28.3 scale  sec t iona l  niodel, 
Figures 18 through 28. A s t i l l i n g  basin with a hor izonta l  apron and a 
soiid-type end sil l ,  Figure 3, proved t o  be s a t i s f ac to ry  i n  preventing 
excessive erosion and water surface roughness. This r e l a t i v e l y  simple 
bas in  which contained no ba f f l e  p i e r s  o r  dentates on the  end s i l l  w i l l  be 
economical t o  construct  and should require the  minimum i n  maintenance. 

Studies were made on the  r i p r ap  t o  be used t o  protect  the  r ive r -  
bed clownstream from the  s t i l l i n g  basin, Figures 41 and 42. Both models 
were used i n  est imating the  probable necessary stone s i z e .  Stone s i z e s  
of 24- t o  36-inch diameter were recommended. 

The r e c o m n d e d  loca t ion  of t he  canal  headworks s t ruc tu re  i n  
r e l a t i on  t o  spillway was deterniined by trial i n  the  1:50 scale  overa l l  
model'after studying the flow cha rac t e r i s t i c s  i n  t he  approach a rea  f o r  
o ther  arrangements, Figures 29 through 39. It was found necessary t o  
move the  headworks inward toward the spillway and t o  reshape t he  r i g h t  
bank t o  el iminate a large  eddy at the  neadworks entrance and numrous 
small eddies along the  r i g h t  bank which would tend t o  deposit  s ed imn t  at 
t he  headworks entrance. 

the  canal  
A i r  pockets t h a t  co l l ec ted  along the roof of the  condui tsa in  
heedworks s t ruc tu re  were eliminated by sloping the  roofs  upward. 



length and the  curvature revised t o  el iminate an excessive contraction. 
The recommended w a l l  provided smooth flow along i ts  face,  Figures 4 and 
32, and was more economical t o  construct. 

Flow through the gate section w a s  sa t isfactory;  however, f o r  Y 

the design flow the gate trunnions were submrged, Figure 39. It w a s  
noted, too, t h a t  any f loa t ing  debris w i l l  flow along the  r i gh t  side of 
each bay when the flow is  uncontrolled. ? 

The water surface elevation i n  the discharge channel w a s  
higher than expected, Figure 40B. Tnerefore, it was recommended t h a t  
the discharge channel be widened and tha t  i t s  banks be elevated. 

Surface waves were found t o  be highest fo r  a controlled d i s -  
charge of approximately 15,000 second-feet; those f o r  an uncontrolled 
flow of 75,000 second-feet were nearly as high, Figure 43. Throughout 
the discharge range the waves along the channel banks were not objection- 
able. 

Tne rock weir which i s  presently used as a diversion dam w a s  
studied t o  determine i t s  backwater e f f e c t  a f t e r  completion of the  
diversion dam. The elevation t o  which the  temporary rock weir should 
be removed, Figures 7 through 13, and the  method of removing it were 
determined with the a id  of the  overal l  model, Figures 44 and 45. 

The spillway was cal ibrated f o r  both gate controlled and 
uncontrolled flow, Figures 46 through 49, both fo r  present t a i l  water 
conditions and f o r  lower t a i l  water elevations t o  be expected as a 
r e su l t  of channel degradation. Over most of the discharge range the  
spillway discharge i s  of the submerged type. Preliminary ca l ib ra t ion  
w a s  done on the sect ional  model fo r  preliminary use by the  designers, 
Figures 4.6 and 47, and t o  a id  i n  obtaining f i n a l  cal ibrat ion da ta  on 
the  overal l  model f o r  prototype use, Figure 48. Water surface eleva- 
t ions  a t  various places throughout the reservoir ,  i n  the  discharge 
channel, and in  the  r i ve r  channel were a l so  recorded during the f i n a l  
cal ibrat ion t e s t s  fo r  possible prototype use, Figure 49. 

Flow currents i n  the r i v e r  channel downstream from the 
discharge channel were investigated i n  t he  overal l  moqel and it w a s  . 
determined t h a t  lands of the Colorado Indian Reservation along the 
l e f t  bank would not be endangered by excessive erosion. Velocity 
measurements and photographs of surfece currents ,  Fi@;ure 50, showed d 

t ha t  no erosion of any consequence would occur along the  l e f t  bank. 



Palo Verde Diversion Dam i s  p a r t  of t h e  Palo Verde Diversion 
P ro jec t  loca ted  on the  Colorado River  about miles  no r theas t  of Blythe, 
Ca l i fo rn iz ,  Figure 1. The dam, Figures 2, 3, L:, 5, and 6, w i l l  d i v e r t  
up t o  1,c00 second-feet of water t o  t h e  Palo Verde I r r i g a t i o n  D i s t r i c t  
and k r i l l  r ep lace  t h e  e x i s t i n g  rock weir  d ive r s ion  dam shown i n  Figures 
7, 8, 3 ,  10, 11, If ,  and 13. The rock weir,  a t  present ,  r e q u i r e s  
frequent r e p a i r  and maintenance because f loodwaters  remove port,ions of 
t h e  weir  a s  shown i n  F igures  9, 10, 11, and 1'. 

The dam, Figure r, an e a r t h  and r o c k f i l l  s t r u c t u r e  approxi- 
mately 1,?50 f e e t  long, inc luding  spi l lway,  i s  approximately hO f e e t  
high above t h e  r iverbed.  On t h e  r i g h t  t he  e a r t h  dem b u t t s  aga ins t  t h e  
rock knoll  near  t h e  o l d  in take  s t r u c t u r e  f o r  t h e  Palo Verde I r r i g a t i o n  
D i s t r i c t .  On the  l e f t  t h e  dam jo ins  a levee designed t o  p r o t e c t  t h e  
lands of t h e  Colorado River  Indian Reservation. The c r e s t  o f  t h e  dam 
and levee is  30 f e e t  wide a t  e l eva t ion  ?95. 

The spi l lway,  Figures 2, 3, and h,  designed t o  pass  75,000 
second-feet a t  r e s e r v o i r  e l eva t ion  590 w i l l  no t  reach t h i s  capac i ty  
u n t i l  r e t rog res s ion  of t h e  r i v e r  channel and t h e  discharge channel has 
lowered t h e  t a i l  water sur face  i n  t h e  discharge channel a s u f f i c i e n t  
amount a t  some f u t u r e  da te .  Retrogression i s  expected t o  occur  down- 
stream from t h e  dam as the  c l e a r  r e s e r v o i r  water  p icks  up a sediment 
load i n  t h e  downstream channel. A s  a r e s u l t ,  t h e  t a i l  water  e l e v a t i o n  
i s  expected t o  become lower a t  t h e  r a t e  shown i n  Figure 14 .  Therecore, 
t h e  capac i ty  of t h e  submerged sp i l lway i s  expected t o  inc rease  i n  
f u t u r e  years .  

The spi l lway approach channel i s  excavated t o  s lope  downward 
toward the  c r e s t  a t  10: 1 from e leva t ion  273 i n  t h e  r i v e r  channel  t o  a 
l e v e l  a rea  a t  e l e v a t i o n  '56 which i s  3 f e e t  below t h e  c r e s t .  The l e v e l  
a r e a  extends upstream from t h e  c r e s t  a s  shown i n  F igure '? .  A curved 
t r a i n i n g  w a l l  on t h e  l e f t ,  Figure 4, guides t h e  water  i n t o  t h e  spi l lway.  
On t h e  r i g h t  t h e  canal  headworks s t r u c t u r e ,  F igures  2 and 6 ,  ad jo in ing  
t h e  spi l lway s t r u c t u r e  i s  designed t o  pass  1,800 second-feet a t  r e s e r v o i r  
e l e v a t i o n  783.5 with t h e  water su r face  e l e v a t i o n  a t  t h e  head of  t h e  cana l  
a t  e l eva t ion  y18̂ . 9. 

The spi l lway c r e s t  i s  a t  e l eva t ion  259.0 and is equipped wi th  
t h r e e  50- by F4.91-foot-high r a d i a l  ga tes ,  F igure  5. The sp i l lway p i e r s  
a r e  6 f e e t  t h i c k  and extend t o  t h e  downstream end of  t h e  sp i l lway apron. 
Stoplog s l o t s  a r e  provided a t  t h e  upstream and downstream ends of t h e  
p i e r s  f o r  unwatering t h e  ga te  s e c t i o n  and s t i l l i n g  bas in  a r e a .  The 
s t i l l i n g  bas in ,  founded on rock, has a h o r i z o n t a l  apron a t  e l e v a t i o n  
245 wi th  a so l id- type  end s i l l .  

The headworks s t r u c t u r e ,  Figure 0, consi .s ts  of  f o u r  condui t s  
each 8 f e e t  high by 12 f e e t  wide m d  c o n t r o l l e d  by a t o p  s e a l  r a d i a l  
ga te .  The s i l l  o r  bottom o f  t h e  openings i s  a t  e l eva t ion  273.5. A 



canal .  The canal  joins the  e x i s t i n g  Palo Verde I r r i g a t i o n  D i s t r i c t  
d e s l l t i n g  basin near the  point  where the  o ld  intake canal  emptied i n t o  
it. 

The excavated spillway discharge channel, Figure 2,  s lopes 
upward 6:1 from the  s t i l l i n g  basin end s i l l  at e levat ion 251.5 t o  Y 

elevat ion 260. After 100 f e e t  of l e v e l  bed the  channel s lopes upward 
again a t  the  r a t e  of 1 0 : l  t o  e levat ion 270, the e levat ion of t h e  r i v e r  
channel. A s  t he  channel bottom approaches e levat ion 270 i ts  breadth C 
i s  gradually increased t o  about 500 f e e t .  

THE MODELS 

Two models were used i n  the  inves t igat ion.  Each wzs con- 
s t r u c t e d  and t e s t e d  i n  t h e  Bureau of Reclamation Hydraulic Laboratory 
at t h e  Denver Federal Center. The f i r s t  was a 1:28.3 sca le  s e c t i o n a l  
model of one spil lway bay, Figure 15. The other  was an overa l l  1:50 
scale  model of t h e  e a r t h  dam, spillway, canal  headworks, and surround- 
ing topography upstream and downstream of t h e  s i t e ,  Figures 7, 16, and 
17 

The 1 : 28.3 Scale Sect ional  Model 

The 1:28.3 sca1.e sec t iona l  model, Figure 15, was i n s t a l l e d  i n  
one o f  t h e  l abora to ry ' s  t e s t  flumes. The flume i s  approximately 24 
inches wide by 43 f e e t  6 inches long, and i s  provided with a 4- by 13- 
foot  8-inch g l a s s  window on one s ide  f o r  observing and photographing 
flow c h a r a c t e r i s t i c s .  

The spillway c r e s t ,  t h e  r a d i a l  ga te ,  and t h e  bucket energy 
d i s s i p a t o r  of the  preliminary spillway were constructed of sheet  metal. 
The spil lway p i e r s  and energy d i s s i p a t i n g  b a f f l e  p i e r s  were made of 
wood and soldered i n  place by mans  of c l i p  angles. The spillway 
approach channel was formed with 1-l /2-inch rock which d id  not move 
during the  t e s t s ,  while the  r i v e r  channel bed downstream from t h e  s p i l l -  
way was formed i n  l/k-inch pea-gravel t o  provide a movable bed f o r  
eros ion t e s t s .  A sample of the  gravel  used had the  following ana lys i s :  

k c h a n i c a l  Sieve Analysis of - 
1/4  - inch Gravel Sample 

Percent re ta ined on 
s ieve  by weight v Sieve s i z e  - 

3/8-inch 2.0 
KO. 4 s ieve 89.5 
NO. 8 sieve 8 .2  
Less than No. 8 0.3 

sieve 



f l o o r  reservoir  through t h e  permanently i n s t a l l e d  12-inch supply l i n e  
t h a t  enc i rc les  t h e  i n t e r i o r  of  t h e  laboratory.  The quant i ty  of flow 
was measured by use of t h e  permanently i n s t a l l e d  ventur i  meters. The 
e levat ion of  t h e  reservoir  water surface was measured using a hook gage 
i n  a t ransparent  p l a s t i c  w e l l  a t tached t o  t h e  flume. The head w a s  
measured a t  a point  approximately 4.6 f e e t  upstream from t h e  spil lway 
c r e s t  l i n e .  A hinged t a i l g a t e  control led  t h e  e levat ion of  t h e  water 
surface downstream from t h e  s t ruc tu re .  T a i l  water e levat ions  were 
measured a t  a point  approximately 13 f e e t  downstream from t h e  c r e s t  
l i n e  using an arrangement s imi la r  t o  t h e  headwater gage. 

The 1: 50 Scale Overal l  Model 

The 1: 50 sca le  model, Figures 7, 16, and 17, of  t h e  e a r t h  dam, 
spillway, canal  headworks, temporary rock w e i r ,  and surrounding topog- 
raphy upstream and downstream of  t h e  s i t e  was constructed i n  an e x i s t i n g  
sheet-metal-lined box approximately 26 f e e t  wide by 60 f e e t  long and 24 
inches deep. 

The dam was constructed across t h e  width of  t h e  box a t  about 
t h e  midpoint. The i n t e r i o r  of  t h e  model dam was provided with a sheet-  
metal bulkhead t o  prevent water passing through t h e  sand and concrete. 
The t o p  and downstream face  of t h e  dam were molded i n  concrete on metal 
l a t h  t o  provide a walkway across  t h e  model. The upstream face of  t h e  
dam was molded i n  sand except f o r  a shor t  p iece  adjacent  t o  t h e  spillwcty 
where flow v e l o c i t i e s  along t h e  face  of t h e  dam might cause sloughing. 
The excavated spillway approach a rea  was a l s o  formed i n  concrete. A l l  
o the r  topography upstream of t h e  dam was molded i n  sand t o  simplify 
model construction. For some of  t h e  t e s t s  a 1/4-inch l a y e r  of  f ine ,  
white sand w a s  used t o  cover t h e  concrete approach a r e a  t o  ind ica te  
bottom flow currents .  The white sand has a mean diameter of  approxi- 
mately 0.2 rnq with 90 percent  passing t h e  40-mesh and 10 percent being 
re ta ined  on t h e  100-mesh U. S. Standard screens (0.43 t o  0.15 mm) . 

The model topography upstream from t h e  dam included t h e  r i v e r  
channel and adjacent a r e a  f o r  an o v e r a l l  width approximately 1,300 f e e t ,  
and extended upstream approximately 1,200 f e e t  from t h e  dam t o  include 
t h e  p resen t ly  used rock weir d ivers ion dam and a shor t  reach of  r i v e r  
upstream from it. Thz rock weir .in t h e  model was constructed of  1-1/2-inch 
rock placed on t o p  of t h e  sand topography t o  weir  c r e s t  elevation.  

The downstream topography was of approximately t h e  same a r e a  
as t h e  upstream topography and included t h e  spil lway discharge channel 
and a reach of r i v e r  downstreao~ from t h e  discharge channel, The kno l l  
t o  t h e  left  of t h e  spil lway was molded i n  concrete up t o  e levat ion 300. 
Contours were not. reproduced above e levat ion 300, t o  provide f lat  working 

5 



channel were molded i n  concrete t o  provide bank s t a b i l i t y  but were 
covered with sand about 3/4 inch thick t o  provide a surface tha t  would 
show bank erosion tendencies. The r ive r  and discharge channels, between 
banks, were molded en t i r e ly  i n  sand t o  provide a movable bed for  erosion 
t e s t s .  Bed rock in  the discharge channel adjacent t o  the s t i l l i n g  .basin 
was molded i n  concrete, since the rock quality was suf f ic ien t ly  high t o  4' 

resist erosive forces t o  be expected i n  the area. 

Riprap i n  the discharge channel was reproduced i n  the m d e l  Y 
i n  varfous ways and subjected t o  a se r ies  of t e s t s .  Sizes varied from 
pea-gravel, the same as used i n  the 1:28.3 model, t o  314-inch gravel 
which represented prototype stones 36 inches i n  d i amte r .  

Samples of the movable bed sand and the 3/4-inch r iprap gravel 
had the following s ize  analysis : 

Mechanical Sieve Analysis of 
the Sand Sample 0 

Percent retained on 
Sieve size sieve by weight 

No. 4 - - 
NO. 8 3 
NO. 16 27 
No. 30 36 
No. 50 27 
No. 100 7 
Pan 0 

bkchanical Sieve Analysis of  the 
3/4-inch Gravel Sample 

Percent retained on 
Sieve s i z e  sieve by weight 

3/4-inch 4.6 
318-inch 75.3 
No. 4 20.1 . 

The spillway cres t  and s t i l l i n g  basin were constructed of 
concrete. Five sheet-metal templates were cut t o  the exact shape of 
the c re s t  and basin. The templates were equally spaced and soldered 4 

t o  a supporting framwork which i n  turn was soldered t o  the f loor  of 
ihe model box. Gravel was placed between templates t o  within 314 inch 
of the f i n a l  prof i le .  Concrete was placed over the gravel and screeded 
smooth t o  the sheet-metal templates. The end s i l l  and p iers  were made 
of wood, soaked i n  l inseed o i l ,  and painted t o  prevent warping. The 



rod t h a t  extended across the f u l l  width of the spillway a t  the gate 
pin location.  The v e r t i c a l  face of the l e f t  approach t ra in ing  wall 
was a l so  constructed of sheet metal and was f i t t e d  in to  the adjacent 
concrete par t s  of the s t ructure .  

The canal headworks s t ructure ,  including the radial control  
gates,  was constructed mostly of sheet metal and soldered t o  the f loor  
of the model box. The roof of the conduits was of transparent p l a s t i c  
so t h a t  flow through the  conduits could be observed. The w a l l s  between 
conduits were made of t r ea t ed  and painted wood. 

Water was  supplied t o  t h e  model from a portable ve r t i ca l  pump 
through an 8-inch pipe. An or i f i ce  venturi  meter i n  the pipe was used 
t o  masure  discharges. Flow entered the upstream end of the  head box 
and was quieted by an 8-inch rock baf f le  before it entered the model 
reservoir  upstream of the  dam. Flow entering the  model reservoir  had 
t h e  same r e l a t i ve  direct ion as i n  t he  prototype. 

The water surface elevation i n  the r i v e r  channel downstream 
from the dam w a s  controlled by a hinged t a i l g a t e  across t h e  downstream 
end of the model. A sand trap was constructed immediately upstream of 
the gate t o  prevent l o s s  of sand from the model. 

Flow through the  canal headworks emptied in to  a separate 
wasteway channel along the  inside of the model box. A 90' V-notch 
weir, preceded by a rock baf f le ,  was in s t a l l ed  i n  t h i s  wasteway t o  
masure the  canal headworks discharge. 

Point gages were used t o  E a s u r e  water surface elevations a t  
many places i n  the model. The locat ion of these gages is  shown i n  
Figure 17.  

C 

THE INVESTIGATION 

I n  the sect ional  model the  investigation was  concerned with 
developing the  spillway and s t i l l i n g  basin t o  provide optimum perform- 
ance with a minimum of s t ructure .  In  the  overa l l  model the  investigation 
wag concerned w i t h  checking the spillway and s t i l l i n g  basin performance 
par t icu la r ly  fo r  side e f f ec t s ,  waves, and r ip rap  s izes  required, and, i n  
addition, developing the  design of *he en t i r e  arrangement of s t rbc tures  
from the hydraulic viewpoint. 

To complete the  en t i r e  stuciy i n  the  overa l l  model extensive 
t e s t s  were made t o  (1) determine the  most e f fec t ive  locat ion of the 
canal headworks s t ructure  i n  r e l a t i on  t o  the spillway t o  reduce the  
amount of silt entering the canal intakes,  (2) determine the  e f f ec t  of 



both upstrean! and downstream of the  weir so t h a t  weir removal recommen- 
dations could be made, ( 3 )  study flow currents  i n  the spillway approach 
t o  determine t h e i r  e f f e c t  on spillway and canal headworks performance, 
(4) determine the  capacity of the spillway f o r  the  changing t a i l  water 
l eve l s  expected over a period of years as a r e s u l t  of r i ve r  channel 
degradation, (5)  ca l ib ra te  the  spillway for  the  range of submergence t o  

Y 

be expected, including the  e f f ec t  of the r ip rap  i n  the  discharge channel 
i n  preventing a lowering of the ta i l  water i n  the  discharge channel, 
and (6)  study the  downstream flow conditions fo r  a range of f lood flows J 

t o  determine the  pos s ib i l i t y  of riverbank erosion. 

The spillway was designed t o  pass 75,000 second-feet o r  
25,000 second-feet per bay a t  reservoir  e levat ion 290. Normally the  
reservoir  would be controlled a t  elevation 283.5 by reans of a r a d i a l  
gate i n  eech bay. 

Tai l  water elevations for  the design flow and the  lower 
discharges used i n  t he  model t e s t s  were determined from the t a i l  water 
curves i n  Figure 14,  which show the expected r a t e  of riverbed degrada- 
t i on  i n  terms of t a i l  water elevations. T a i l  water references i n  t h i s  
repor t ,  therefore,  contain the year i n  which the elevation is f i r s t  
expected t o  occur. 

lkvelopment of Spillway in  t he  Sectional Model 

Tests t o  devekop the shape of the  spillway and the s t i l l i n g  
basin were conducted on the 1:28.3 scale  sect ional  model of one s p i l l -  
way bay, Figure 15.  The section developed from these s tudies  w a s  then 
ins ta l led  i n  the  1:50 scale overall  model and tes ted  t o  ver i fy  t he  
capacity and performance of the en t i r e  spillway. 

The Preliminary Spillway Section 

The preliminary spillway consisted of an ogee section, shown 
i n  Figure 18, and a 30-foot-radius Angostura-type s l o t t e d  bucket energy 
diss ipator .  The spillway c r e s t  was a t  e levat ion 259 and the inver t  of 
the bucket a t  e levat ion 240. The r ad i a l  gates,  50 f ee t  wide by 25.5 
f ee t  high, were placed between spillway p i e r s  6 f ee t  th ick  t h a t  extended 
downstream t o  the  bucket invert .  The gravel i n  the movable bed was 
molded on a 6 :1 slope upward from the bucket l i p .  

The n:odel w a s  operated for a range of uncontrolled flows up v t o  25,000 second-feet , f i r s t ,  wj.th the present e x p c t e d  t a i l  water 
elevation and then with the lower t a i l  water expected i n  year 1972. 
When present expected t a i l  water elevation was used with each of these 
flow conditions, t h e  water surface throughout the  model was smooth and 
no erosion of the  riverbed occurred f o r  any discharge, probably because 



profi'e i n t o  the  bucket but  r a t he r  passed over t he  c r e s t  and expandid 
gradually t o  f i l l  the  flow area  a t  the end of t h e  s t i l l i n g  basin. The 
fall from reservoir  t o  t a i l  water under these condit ions was hardly 
enough t o  require an energy diss ipator .  

The model discharging the  design flow uncontrolled with 
present  t a i l  water i s  shown i n  Figure 19. The water surface downstream 
shows only small standing waves which are  l e s s  harmful t o  the  channel 
banks than t ravel ing waves. 

The model showed the  need f o r  an energy d i s s i pa to r  f o r  gate 
control led  flows, p a r t i c u l a r l y  when the  t a i l  water e levat ion was a t  
the  expected year 1972 e levat ion.  For t h i s  operation t he  flow currents 
followed the  c r e s t  shape i n t o  t he  bucket. However, water surface 
roughness and erosion of the  r i v e r  channel w e r e  s t i l l  not  considered 
excessive. The most severe operating condition occurred f o r  a gate 
control led  flow of 8,000 second-feet a t  normal r e s e rvo i r  elevation 283.5 
and low t a i l  water, Figure 20A. Retrogression i s  expected t o  lower the  
t a i l  water 8 f e e t  t o  e leva t ion  272 by the  year 1972. Elevation 271, 
however, was used i n  t h e  model test t o  represent  the  most severe operat- 
ing condition. 

The water surface  was rough i n  the bucket but  smooth i n  t he  
channel. Bed erosion s t a b i l i z e d  a t  elevation 245 a f t e r  a 30-minute 
model scour t e s t ,  a s  shown i n  Figure 20A. The e leva t ion  of the  eroded 
hole is the same as the  bucket,-invert elevation.  The mater ia l  adjacent 
t o  t he  bucket l i p  was eroded only s l i gh t l y .  

A s e r i e s  of 30-minute model erosion tests was then made t o  
determine whether the  baffles i n  the  Angostura-type bucket energy 
d i s s i pa to r  could be el iminated o r  modified t o  provide a more economical 
design without s ac r i f i c i ng  good hydraulic performance. The t e s t s  were 
all conducted using t h e  most severe operating condi t ion described above. 

I n  the  f i r s t  modification the  baf f l es ,  Figure 20B, were 
removed. As the  flow cur ren t s  passed over and left  the  apron they 
.scoured the channel bed f o r  qui te  some distance downstream. The 
cur ren t s  :hen turned upward producing a r i s e  i n  t he  water surface. 
Since the  main current  followed along the  channel bed, the  water sur- 
face  was smooth except f o r  the  s l i g h t  r i s e  i n  t h e  water surface but 
eros ion of the  channel bed was excessive. 

It was concluded t h a t  the  ba f f l es  were valuable i n  t ha t  they 
d l r ec t ed  pa r t  of the f low currents  i n  t he  bas in  upward without producing 
excessive disturbances i n  t he  water surface. Only the  currents  t h a t  
passed through the s l o t s  reached the  end of t h e  apron t o  erode the channel 
bed. Therefore, erosion of the  channel bed was reduced by the  use of 
ba f f l e s .  



Figure 20C. With t h i s  arrangement none of the  currents  reached t h e  end I 
of the  apron; ins tead,  all currents were directed upward. As a r e s u l t ,  
the  water surface was verv rouah and an u ~ s t r e a m  around r o l l e r  deve lo~ed  I 
downstream from the  s i l l  khich-deposited i e d  mateFial on the apron. 

- 
Performance w a s  considered t o  be very poor. It was concluded from these 
two modAfications t h a t  s l o t s  were benef ic ia l  i n  minimizing water surface 4 

roughness and t h a t  baf f les  were helpful  i n  minimizing the  erosion of the 
channel bed. 

rn 
I 

A simpler and perhaps more economicel version of the Angostura- 
type baffles,  shown i n  Figure 21, was t e s t ed .  It w a s  believed t h a t  the 
curved faces o r  rounded edges of the baf f le  p i e r s  were not necessary 
since they would not be subjected t o  high veloci ty  flows. Also, it was 
believed tha t  fewer baf f les  might be used i f  the  same r a t i o  of s o l i d  t o  
own  maces could be maintained. Theref ore , modified baf f les  nearlv 
&ice i he  width of the  Angostura baff le  and'spaced twice as f a r  apt& 
as i n  the  Angostura design were tes ted.  Operation f o r  a range of-dis-  
charges showed t h a t  the  flow currents through the  s l o t s  caused deeper 
and more extensive erosion than tha t  i n  the  preliminary design. Water 
surface roughness w a s  about t he  s a m .  No fu r ther  consideration was 
given t o  t h i s  design. 

Modified ba f f l e s  four t i m s  the  width of the  Angostura ba f f l e s  
and spaced about 1-112 t ims  fa r ther  apar t ,  shown i n  Figure 22C, did not 
perform s a t i s f a c t o r i l y  e i t h e r  f o r  two reasons. F i r s t ,  because of the 
fewer nwnber of s l o t s  the water surface was rougher than i n  the prelim- 
inary design. Second, the  s l o t s  were so f a r  apart  t h a t  side eddies 
ca r r ied  bed mater ia l  bqck onto the apron and swirled the  material around 
behind the  baff les .  :-:i the  prototype s t ruc ture ,  material  moving back 
and fo r th  on the  apron could cause severe damage t o  the  concrete. 

The ba f f l e s  7 f e e t  wide, shown i n  Figure 21, were again tes ted.  
This time, however, 18-inch spacing, as shown i n  Figure 18, was used. 
The erosion and water surface roughness %r2re about t he  sanii as f o r  the  
preliminary design without modification. h i s  7-foot-vide modified 
baf f le ,  Figure 21, w a s  more economical t t than the preliminary 
Angostura-type ba f f l e ,  t h i s  design w a s  considered t o  be the best  t e s t ed  
thus  fa r .  

To improve on t h i s  arrangement, the ba f f l e s  were tapered, 
Figure 22C. In  taper ing the  7-foot-wide ba f f l e s  the  spacing was increased 
t o  about 1 4 2  tinaes the Angostura spacing t o  provide lower ve loc i t i es  at  
the  downstream end and t o  allow trapped mater ia l  t o  becom f ree  i f  it 
once s ta r ted  through the  s l o t .  The ba f f l e s  were tapered from 7 f e e t  wide 
upstream t o  6 f e e t  9 inches downstream, making the  upstream s l o t  width 24 
inches and the d'ownstream width 27 inches. Erosion t e s t s  showed t h a t  t he  



~ i -gu re  22B with 2 2 ~ ) .  Since i h e  water surface was smooth t h i s  
arrangement w a s  indicated as su i t ab l e  f o r  use i n  t he  prototype. 
However, a t  t h i s  same time, the  designers decided t h a t  t he  spillway 
p i e r s  should be extended t o  t he  end of the  bucket f o r  s t r uc tu r a l  
reasons. This decision, combined with t h e  opinion i n  t h e  laboratory 
t h a t  the  e n t i r e  s t i l l i n g  basin could be made smaller, l ed  t o  t e s t s  
on mother  design. 

Spillway Section with 25-foot-radius Bucket, 

Before discussing t h e  next t e s t s  a b r i e f  discussion of  the  
f indings of t he  e a r l i e r  t e s t s  may be of i n t e r e s t .  The t e s t s  showed 
t h a t  the  ba f f l e s  a i d  i n  breaking up t h e  flow cur ren t s  i n  t h e  bucket. 
Some of t h e  currents  pass through t h e  s l o t s  unobstructed, while o thers  
are turned upward at a s teeper  angle by t h e  ba f f l es .  The currents  t ha t  
pass through t h e  s l o t s  a r e  spread out  on t h e  apron and are, t he  cause of 
t he  erosion of  the  channel bed. The currents  turned upward by t h e  
ba f f l e s  cause water surface roughness. I f  t he  s l o t s  a r e  too wide exces- 
sive erosion occurs while if the  b a f f l e s  a r e  too wide t h e  flow through 
the s l o t s  w i l l  not spread t o  t h e  f u l l  width of t h e  b a f f l e s  a t  t h e  end 
of t h e  apron, producing eddies which move bed mater ia l  on and o f f  t he  
apron. Wider ba f f l es  d i r e c t  more water upward and t h e  water surface 
becomes rougher. If the  s l o t s  a r e  eliminated completely, bed mater ia l  
i s  deposited on t he  apron by t h e  induced ground r o l l e r  and t h e  water 
surface is  s t i l l  rougher. It i s  therefore  necessary t o  determine t h e  
be s t  balaiice between b a f f l e  and s l o t  width. 

I n  t e s t i n g  t h e  25-foot-radius Angostura-type bucket, Figure 
23, t h e  modified baff les ,  Figure 21, were used. Since t h e  spil lway 
p i e r s  i n  these  next designs extended t o  t he  end of t h e  apron, t h e  
spacing of t h e  baff les  was adjusted t o  place f i v e  b a f f l e s  i n  each bay. 
The ba f f l e s  tapered from 7 f ee t  t o  6 f e e t  9 inches and t he  s l o t s  from 
32 t o  35 inches. 

Scour occurred along t he  a?ron l i p  and w a s  deeper than f o r  
t h e  preliminary de~zgn ,  which indicated t h a t  t he  s l o t s  were too wide. 
This  was a l s o  evident from tkie f a c t  t h a t  t he  water surface  was qu i te  
smooth. 

Tes t s  using s i x  ba f f l e s  pe r  bajr were then made. The s l o t s  
tapered from 18 t o  21 inches wide, With t h i s  spacing no scour occurred 
along t he  apron l i p  and very l i t t l e  i n  t h e  bed downstream but  t h e  
water surface was a l i t t l e  rougher and a f e w  p a r t i c l e s  of bed mater ia l  
swirled onto t h e  apron. 

For t he  next test, t h e  s l o t  v id th  w a s  increased t o  24 
inches a t  t h e  upstream end and 27 inches at t h e  downstream.end, Figure 
24A, which is  t he  same as recommended with t h e  preliminary 



ba f f l e s ,  tapering from 5 f e e t  9 inches upstream t o  approximately 5 f e e t  
6 inches downstream, i n  each bay. Erosion was negligible along the  
apron l i p  and i n  the r i v e r  channel. The water surface was f a i r l y  smooth. 
Performance i n  both respects  was considered t o  be b e t t e r  than f o r  the 
preliminary design. 9 

A so l i d  end s i l l ,  shown i n  Figure 25, w a s  placed i n  the  25- 
foot-radius bucket f o r  the next t e s t s .  With the  horizontal  top, 
Figure 25, very l i t t i e  erosion occurred, Figure 2 4 ~ ,  and there  was no I 

general movement of material  along the apron. However, a considerable 
amount of bed material  d id  s w i r l  on and off  t he  epron which w a s  
objectionable. Also, the water surface w a s  rougher than when ba f f l e s  
were used. 

The horizontal  top w a s  changed t o  a sloping top as  shown i n  
Figure 25. For t h i s  arrangement very l i t t l e  erosion occurred, as  shown 
i n  Figure 24C; p r ac t i c a l l y  no movemnt of material  occurred along the 
l i p ,  and no material  swirled onto the apron. The water surface was 
rougher than when baf f les  w e r e  used, but the  designers believed t ha t  
the  waves i n  evidence would be to lerable  i n  the  prototype. 

This design was recommended f o r  prototype use, however, data  
received from the f i e l d  by the  designers indicated t h a t  the elevation 
of good foundation rock w a s  su f f i c i en t l y  high t o  allow placing the  
inver t  of the bucket as  high es  elevation 245. This i n T o m t i o n ,  com- 
bined with the l abora tory ' s  suggestion t h a t  a hor izontal  apron and end 
s i l l  could be subst i tu ted f o r  the bucket and sil l ,  l e d  t o  the  f i n d  
t e s t s .  

Recommended Spillway Section with - Borizontal Apron 

A horizontal  apron at elevation 245, shown i n  Mgure 3, with 
spillway 9 i e r s  extending t o  the end of the  apron was t e s t ed  t o  deter-  
mine the  shape of the  end s i l l  a?d wnether the  horizontal  apron could 
be subst i tu ted f o r  the  bucket. The most severe operating condition was 
used i n  the  t e s t s - - a  gate controlled flow of 8,000 second-feet with 
rese rvo i r  elevation 283.5 and t a i l  water e levat ion 271. 

The f i r s t  s i l l  t e s t ed  had e 2 : l  upstream slope, as shown i n  
Figure 2 6 ~ .  Erosion of the bed material  was very minor, Figure 27A, 
and very l i t t l e  movement of material  occurred along the l i p  of the  
apron. The water surface was a l i t t l e  rough, with wave heights from 
c r e s t  t o  trough r e ~ c h i n g  3 t o  4 f ee t .  Although the design appeared 3 

adequate, it was f e l t  t ha t  improvements could be made. 

A s i l l  with a double slope, shown i n  Figure 2 6 ~ ,  s imilar  t o  
the  one t e s t ed  with the 25-foot-radius bucket was investigated. Results 
were prac t ica l ly  i den t i ca l  t o  those f o r  the 2 : l  sloping s i l l ,  Figure 27B. 

12 



same r e su l t s  were obtained, Figure 27C. 

Six baf f les  5 f ee t  6 inches wide and spaced 27 inches apar t ,  
previously used i n  the 25-foot-radius bucket, were placed on the 4 : l  
sloping s i l l  as  shown i n  Figure 2 6 ~ .  Erosion w a s  reduced and water 
surface roughness was improved a s  show1 i n  Figure 28A. When the baf f les  
were moved upstream onto the apron, as  shown in  Figure 2 6 ~ ,  som of the 
water surface roughness was moved upstream in to  tke basin between the 
spillway piers .  Erosion w a s  the s a w  as  with the  p ie rs  on the slope, 
Figure 2 8 ~ .  

Since i n  the  previous arrangement the 4:l slope appeared t o  
be of l i t t l e  benef i t ,  it was replaced by a 2 : l  sloping s i l l  as shown i n  
Figure 26F. Bed erosion and water surface roughness r e su l t s  were be t t e r  
than fo r  any arrangement t es ted ,  Figure 2 8 ~ .  Erosion was negligible and 
wave heights were reduced t o  zbout 1-1/2 t o  2 f e e t .  Tests fo r  other 
operating conditions a l so  showed good r e su l t s .  For maximum discharge, 
25,000 second-feet per bay, the water surface was smooth and appeared 
s imilar  t o  t h a t  f o r  the preliminary bucket. Standing waves occurred i n  
both cases but were not considered objectionable. A horizontal  apron 
a t  elevation 245, w i t h  a 2 : l  end s i l l  and intermediate baf f les ,  as shown 
in  Figure 2 6 ~ )  was recommended f o r  prototl~pe use on the basis  of the  
sect ional  model studies.  

Spillway i n  Overall Model 

The designers found it necessary t o  a l t e r  the end s i l l  of the 
recommended basin, as  shown i n  Figure 3, t o  provide a horizontal  bear- 
ing surface fo r  tne stoplogs. It was a l so  t h e i r  opinion t h a t  the  
baf f les  i n  the recommended design d id  not add suf f ic ien t  improvement 
t o  warrant t h e i r  ex t ra  cost .  Consequently, it was decided t o  t e s t  the  
spillway section without baf f les  i n  the  overal l  model, Figures 16 and 
17. The spillway c r e s t  section was a l so  modified a t  t h i s  time, as 
shown i n  Figure 3, t o  provide a be t t e r  sea l  between stoplogs and c r e s t  
upstream of the c res t .  

Flow Through the Approach Channel 

The preliminary arrangemnt of the  spillway, canal headworks, 
and approach channel i s  shown i n  Figures 29 and 30. The center  l i n e  of 
the headworks i s  a t  an angle of 60" t o  the center  l i n e  of t he  spillway. 
Between the two s t ructures  i s  a 30-foot-radius t ra in ing  wall tangent t o  
the r i gh t  w a l l  of the  spillway and joining the  l e f t  w a l l  of the  head- 
works. The sil l  of the headworks, Figure 31, i s  at elevation 275.5, 
16.5 f e e t  above the spillway c r e s t  and the spillway approach channel bed. 



modify t h e  lef t -approach w a l l ,  t h e  r i g h t  bank, and t h e  l o c a t i o n  o f  t h e  
cana l  headworks s t r u c t u r e .  These modif ica t ions  a r e  discussed as they  
occurred during t h e  t e s t i n g  program i n  t h e  fol lowing s e c t i o n s .  

A discharge  of 15,000 second-feet w a s  expected t o  be a 
common occurrence i n  t h e  prototype with t h e  r e s e r v o i r  c o n t r o l l e d  t o  

* 

e leva t ion  283.5, t h e r e f o r e ,  t h e  model s tudy was concerned with t h e  
sp i l lway d ischarg ing  15,000 second-feet as w e l l  as wi th  d ischarges  
up t o  and inc luding  t h e  des ign  flow o f  75,000 second-feet.  The design P 

flow approaching t h e  spi l lway i s  shown i n  Figure 30B. A flow d i s tu rb -  
ance occurred along t h e  l e f t  sp i l lway approach w a l l  and mild eddies  
occurred i n  f r o n t  o f  t h e  headworks s t r u c t u r e  and along t h e  r i g h t  bank 
upstream from t h e  headworks. 

Flow a t  l e f t  w a l l .  The flow dis turbance  along t h e  l e f t  
approach wa l l  occurred f o r  uncontrol led d ischarges  o f  34,000 second- 
f e e t  o r  g r e a t e r  and increased with t h e  higher  flows. The drawdown 
water sur face  caused by an excessive flow con t rac t ion  is shown i n  
F igures  30A and 32A as it occurred f o r  75,000 second-feet.  Th i s  a c t i o n  
caused a v i s i b l e  as we l l  as measurable reduct ion  i n  discharge.  To 
remedy t h e  flow condi t ions  and reduce t h e  c o s t  o f  t h i s  long w a l l ,  two 
r ev i sed  w a l l s  were t e s t e d .  The first had a 24-foot-radius s e c t i o n  wi th  
one end tangent  t o  t h e  l e f t  w a l l  o f  t h e  sp i l lway and t h e  o t h e r  extended 
p a r a l l e l  t o  t h e  dam a x i s  as shown i n  Figure 32B. The 24-foot-radius 
t u r n  proved t o  be t o o  sharp  end t h e  drawdown i n  t h e  water sur face  w a s  
even more pronounced, a s  shown i n  Figure 32B. The 120°, 51-foot-radius 
curve, shown In  Figure 4, was found t o  be very s a t i s f a c t o r y ,  a s  shown 
i n  Figure 32C. A t  maximum discharge t h e  drawdown was ba re ly  not iceable .  
The l a t t e r  w a l l  w a s  t h e r e f o r e  recommended f o r  prototype use. 

Flow a t  r i g h t  bank. The eddies  nea r  t h e  cana l  i n t ake  s t r u c t u r e  
occurred f o r  a l l  d ischarges  t e s t e d  inc luding  15,000, 34,000, and 75,000 
second-feet,  a s  shown i n  Figures 33 and 34A. Although t h e  eddies  were 
mild t h e y  ind ica t ed  i n e f f i c i e n t  u se  o f  t h e  approach channel.  To d e t e r -  
mine whether o t h e r  objec t ionable  flow p a t t e r n s  occurred below t h e  water  
sur face ,  a l aye r  of  t h e  f i n e ,  white  sand 1/4 inch t h i c k  was p laced  on 
t h e  concre te  su r face  of t h e  approach channel before  each t e s t  f o r  
15,000, 34,000, and 75,000 second-feet.  For 15,000 second-feet t h e  
white sand d id  not  move s u f f i c i e n t l y  t o  c l e a r l y  de f ine  a flow p a t t e r n ,  
bu t  f o r  34,000 and 75,000 second-feet s u f f i c i e n t  sand was moved t o  

- 
e s t a b l i s h  t h e  d i r e c t i o n  o f  t h e  bottom cur ren t s ,  as shown i n  Figure 34B 
and C .  The r i f f l e s  i n  t h e  sand i n  f r o n t  of t h e  headworks s t r u c t u r e  and 
along t h e  warped t r a ~ s i t i o n  showed t h e  bottom c u r r e n t s  t o  be i n  an b 

upstream d i r ec t ion .  Therefore,  t h e  eddy a c t i o n  was conc---.ded t o  be 
genera l  throughout t h e  depth of  t h e  flow. 

To reduce t h e  eddies  i n  t h e  sp i l lway and canal  i n t ake  approach, 
t h e  right approach bank l i n e  was made s t r a i g h t ,  as shovn i n  F igure  35. 
To do t h i s  t h e  p r o j e c t i n g  poin t  upstream of t h e  headworks, shown i n  F igure  



pikr was excavated about 50 feet;- while t h e  bank j u s t  upstream of  t h e  
headworks was f i l l e d  i n  t h e  model (not  excavated i n  t h e  prototype)  t o  
form a s t r a i g h t  l i n e .  Operation wi th  t h i s  r e v i s i o n  showed t h a t  s 
l a r g e  eddy p e r s i s t e d  f o r  a l l  d i scha rges 'bo th  on t h e  water su r face  and 
on t h e  approach bed, a s  shown i n  Figure 35, f o r  75,000 second-feet.  

* 
To improve t h e  approach condi t ions ,  t h e  headworks s t r u c t u r e  

was moved out  i n t o  t h e  sp i l lway approach channel so  t h a t  t h e  upstream 
1. face  o f  t h e  in t ake  was at  an angle  of 10' with t h e  r i g h t  t r a i n i n g  w a l l  

of  t h e  spi l lway,  e l imina t ing  t h e  curved w a l l  between t h e  s t r u c t u r e s .  
The e n t i r e  r i g h t  bailk was a l s o  moved inward t o  form a smooth s p i r a l  
curve,  as shown i n  Figure 3 6 ~ .  To accomplish t h i s  i n  t h e  prototype,  
p a r t  of  t h e  bank would have t o  be cons t ruc ted  wi th  f i l l  mater ia l .  A 
warped t r a n s i t i o n  w a s  used between t h e  v e r t i c a l  i n t ake  f a c e  and t h e  
s lop ing  bank. 

The purpose i n  curving t h e  r i g h t  bank w a s  t o  provide a flow 
wi th  a "roping act ion."  This  a c t i o n  may be descr ibed  as fol lows.  
Surface water should f o l l  o f f  t h e  main flow approaching t h e  sp i l lway 
and e n t e r  t h e  headworks. Thus, water with t h e  l e a s t  amount of suspended 
m a t e r i a l  would e n t e r  t h e  cana l  system while  t h e  heav ie r  s i l t  laden 
c u r r e n t s  would pass  through t h e  spi l lway.  

The flow c u r r e n t s  observed f o r  a range of discharges occurred 
very much a s  an t i c ipa ted .  'Flow was smooth along t h e  r i g h t  bank and no 
eddies  occurred, a s  shown i n  F igure  3 6 ~ .  However, t h e  narrower approach 
channel c rea t ed  by r ea l ign ing  t h e  r ig t i t  bank produced higher  v e l o c i t i e s ;  
as a r e s u l t ,  t h e  flow around t h e  l e f t  t r a i n i n g  w a l l  was again d is turbed ,  
as shown i n  Fi-re 3 6 ~  and C .  

T c  compensate f o r  t h e  narrower approach .channel, t h e  r i g h t  
bank was rea l igned  a s  shown i n  t h e  recorzended layout  i n  F igures  1 6 ~ ,  
37, and 38. The p o s i t i o n  of t h e  heacivrorks was not  changed, b u t  t h e  
r i g h t  bank was excava1;ed i n  a s t r a i g h t  l i n e  t o  t h e  r i g h t  of t h e  prelim- 
i n a r y  bank l i n e ,  simillar t o  t h e  second t r ia l  layout  shown i n  F igure  35. 

While t h e s e  modif icat ions were being made, o t h e r  changes were 
made i n  t h e  headworks s t r u c t u r e  i t s e l f  mainly f o r  s t r u c t u r a l  reasons.  
The p r i n c i p a l  change w a s  t o  move t h e  conduit  en t rances  and c o n t r o l  ga t e s  
downstream a long t h e  headworks c e n t e r  l i n e  so  t h a t  t h e  en t rance  t o  t h e  
condui t s  w a s  recessed 13 f e e t  from t h e  f ace  o f  t h e  s t r u c t u r e ,  as shown 
i n  F igures  6 and 1 6 ~ .  Also, t h e  s i l l  c r e s t  and f l o o r  o f  t h e  s t r u c t u r e  

I *  were lowered from elev.at ion 275.5 t o  273.5. 



Figure 38, approached the  sp i l lwzy and headworks i n  a very s a t i s f a c -  
t o r y  manner. No l a r g e  eddies  occurred near  the  headworks. Surface 
c u r r e n t s  flowed d i r e c t l y  t o  t h e  spillwlry and headworks, as shown by 
t h e  c o n f e t t i  s t r e a k s  i n  Figure 38, f o r  uncontrol led spi l lway flow, 
while dye i n j e c t e d  along the  approach bottom showed t h a t  bottom 
c u r r e n t s  flowed d i r e c t l y  t o  t h e  spi l lway.  S imi lar  flow condi t ions  * 

a l s o  occurred when t h e  sp i l lway flow was ga te  cont ro l led .  This was 
a very des i r ab le  flow p e t t e r n  s ince  t h e  c u r r e n t s  a lcng  the  bottom 
t h a t  e i t h e r  c a r r i e d  o r  might move sedizent  passed through the  s p i l l -  # 

way, while the sur face  c u r r e n t s  passed through the  hezdworks. 

G e ~ e r c l  flow condi t ions .  Tor one operz t ing  condi t ion ,  
50JOG0 second-feet with t a i l  water expected i n  1967, a very rough 
water surfzce i n  t h e  form of s tanding waves occurred i n  the  sp i l lway 
approach a rea ,  zs shown i n  Figure 39A. This condi t ion  might occur 
I:; "ukure years  the  t a i l  water e l e v a t i o n  i s  low and the  sp i l lway 
discharge i s ,  t he re fo re ,  g r e a t e r  a t  n o r m 1  r e s e r v o i r  e l e v a t i o n  283.5 
thm at, present .  Tne rough v a t e r  sur face  ev ident  i n  the  approach z r e a  
was caused by the  high a reas  loca ted  j u s t  upstream from t h e  excavated 
s lope i n  the  approach chumel .  I n  t h i s  reach,  almost t h e  e n t i r e  width 
of t h e  approach channel i s  above e l e v a t i o n  270 with a high po in t  at 
e l e v a t i o n  273. Waves formed j u s t  dobnstream from t h e  high a reas  and 
were est imated t o  be 3 t o  4 f e e t  high.  Since t h e  waves were s tanding  
waves, however, a d  di5 not  extend i n t o  t h e  dosmst rem channel,  they 
were not p a r t i c u l a r l y  harmful. It i s  a l s o  poss ib le  t h a t  wzves o f  t h i s  
type w i l l  never occur i n  the  pro to t~rpe  because t h e  prototype bsd i s  ' 

e rod ib le  and probably w i l l  degrade s u f f i c i e n t l y  t o  provide a deeper 
channel.  140 recommecdations f o r  r e l i e v i n g  t h i s  c m d i t i o n  were t h e r e -  
fo re  made. 

Flow Through t h e  Spillway 

Flow c u r r e n t s  through the  sp i l lway s t r u c t u r e  were photographed 
f o r  t h e  design f low of  75,000 second-feet and a r e  shown i n  Figure 39B. 
The g a t e  t runnions  w i l l  be submerged; f l o a t i n g  d e b r i s  w i l l  f low along 
the  r i g h t  s i d e  of each bay. If t h e  d e b r i s  is  l a r g e  enough, the  r i g h t  
s i d e  of t h e  r a d i a l  ga t e s  o r  trunn5ons might be damaged. However, t h i s  
is  no t  cpnsidered t o  be very l i k e l y .  

Flow Through t h e  Discharge Channel 

The model is shown i n  Figure 4 0 ~  discharg ing  15,000 second-feet 
equa l ly  d i s t r i b u t e d  between the  t h r e e  bays, and r e s e r v o i r  e l e v a t i o n  283.5 C 

with present  expected t a i l  water e leva t ion:  The water sur face  i n  t h e  d i s -  
charge channel w a s  not  rough and very l i t t l e  erosFon occurred, The c h w n e l  
bed o f  t h e  model hzd been molded i n  sand f o r  t hese  e a r l y  t e s t s ,  and t h e  



l e f t  t r a i n i n g  w a l l  had been molded-in concrete. Riprap was not used i n  
these  f i rst  t e s t s  except along t h e  l e f t  bank of t h e  discharge channel t o  
prevent sloughing of t h e  sand i n  t h e  model. 

The model discharging 75,000 second-feet w i t h  t h e  expected 
present  t a i l  water e levat ion i s  shown i n  Figure 40B. The water surface 
i n  t h e  discharge channel w a s  not very rough; however, t h e  flow washed 
over t h e  discharge chanael bznks a s  shown and t h e  flow eroded t h e  channel 
bed from elevat ion 260 t o  227 i n  a very shor t  while, a s  shown i n  Figure 
40C. 

Channel erosion. Erosion o f  t h e  magnitude shown i n  Figure 40C 
d id  not occur i n  t h e  sec t iona l  model nor d id  t h e  sec t iona l  model ind ica te  
excessive turbulence along t h e  l e v e l  bed f o r  t h e  design discharge of  
75,000 second-feet. Therefore, it was apparent t h a t  t h e  r e l a t i v e l y  f i n e  
sand was too small f o r  t h e  average ve loc i ty  of flow i n  t h e  o v e r a l l  model. 
The sand represents ,  on a l i n e a r  sca le  bas is ,  loose gravel  i n  t h e  proto-  
type ranging i n  s i z e  from 314 inch t o  2-114 inches i n  diameter. I n  t h e  
sec t iona l  model t h e  ve loc i ty  of flow f o r  75,000 second-feet discharging 
under present  t a i l  water condit ions w a s  not s u f f i c i e n t  t o  move t h e  1/4- 
inch pea-gravel which represents ,  on a l i n e a r  sca le  bas is ,  approximately 
7-inch-diameter stones i n  t h e  prototype. 

To determine t h e  s i z e  of r i p r a p  necessary i n  t h e  discharge 
channel f o r  t h e  most severe operat ing condition, t h e  maximum an t i c ipa ted  
ve loc i ty  was computed and t h e  r i p r a p  s i z e  determined by use of Figure 41. 
It was ant ic ipated  t h a t  a discharge of  75,000 second-feet with t a i l  water 
condit ions f o r  t h e  year 1972 would produce t h e  g r e a t e s t  v e l o c i t y , o f  flow. 
The average ve loc i ty  of  flow f o r  t h i s  condit ion was computed t o  be about 
18 f e e t  per  second, with an estimated bottom ve loc i ty  of  314 of t h e  
average, o r  about 13.5 f e e t  per  second. Figure 41 shows t h a t  individual  
rock pieces should be about 27 inches i n  diameter. However, i f  it is  
assumed t h a t  t h e  ve loc i ty  may not  be uniform across  t h e  channel width o r  
t h a t  v e l o c i t i e s  might become even g rea te r  a f t e r  year 1972, t h e  maximum 
bottom ve loc i ty  might become s u f f i c i e n t  t o  move r i p r a p  g rea tz r  than 
3 f e e t  i n  diameter. 

A s  a r e s u l t  o f  t h e  above analys is ,  gravel  from 318 t o  3/4 inch 
(analys is  shown on page 6 )  was used i n  t h e  model. This  mater ia l  repre-  
sented protot~rpe  r ip rap  ranging i n  s i z e  from 18 t o  36 inches in diameter. 
It was placed as shown i n  Figures 2 and 42A about 0.1 of  a foo t  deep t o  
represent  a 5-foat depth i n  t h e  prototype, 

Tes t s  were begun with 15,000 second-feet and t a i l  water a t  t h e  
e leva t ion  expected i n  year 1962. Discharges were then increased i n  
increments of  about 15,000 second-feet up t o  75,000 second-feet. Each 
discharge was t e s t e d  f o r  about 30 minutes. No eros ion of t h e  r i p r a p  



discharge of 75,000 second-feet with t a i l  water e l e v a t i o n  f o r  year  1972 
could not  be s e t  i n  t h e  model without p a r t i a l  removal of t h e  r iverbed,  
bu t  it appeared from the  o the r  t e s t s  t h a t  36-inch rock p ieces  and 
probably even 24-inch p ieces  would be s u f f i c i e n t  . 

Thc t e s t s  a l s o  showed t h a t  f o r  45,000 second-feet with the  1.962 . 
expected t a i l  water ,  t he  channel bed downstream from t h e  r i p r a p  began t o  
erode. I n  30 minutes of model operat ion the  unprotected p a r t  of  t he  bed 
eroded t o  t h e  p a t t e r n  shown i n  Figure 4 2 ~ .  It was noted t h a t  heavier  8 

scour occurred along the  r i g h t  bank and t h a t  sand was deposi ted zlong t h e  
l e f t  bank and along t h e  l e f t  t r a i n i n g  wal l  of t he  s t i l l i n g  bes in .  Bottom 
c u r r e n t s  along t h e  l e f t  w a l l  o f  t h e  s t i l l i n g  bas in  were apparent ly  i n  an 
upstream d i r e c t i o n ,  bu t  no se r ious  consequences appeared. &en the  d i s -  
charge w a s  increased  t o  75,000 second-feet f o r  30 more minutes of  opera t ion  
(73,000 second-feet through spi l lway,  2,000 through canal  headworks), 
e ros ion  of the  sand continued, producing t h e  p a t t e r n  shown i n  Figure 4 2 ~ .  
This  scour g a t t e r n ,  as w e l l  a s  t h e  one i n  Figure 4 2 ~  f o r  k5,000 second- 
f e e t ,  shows t h e  v e l o c i t y  of  flow t o  be g r e a t e r  near  t h e  r i g h t  bank o f ' t h e  
channel,  probably caused by more water being discharged by t h e  r i g h t  bay 
of  t he  sp i l lway.  However, r i p r a p  along t h e  r i g h t  channel bank o r  on t h e  
channel bed d i d  not  move. 

Tes ts  were then  made on the  1 :50  s c a l e  rnodel with t h e  sand bed. 
o f  t h e  discharge channel,  downstreax from the  r iprap aren, covered with a 
1/2-inch l a y e r  of l /k- inch pea-gravel t o  e l e v a t i o n  270. The gravel  was 
t h e  same a s  used i n  t h e  1 :28.3 s c a l e  model. I n  the  1 : 50 model t h e  pea- 
g rave l  represented  prototype s tones  approximately 1 2  inches i n  d i m e t e r .  
Using g resen t  expected tei l  water e l e v a t i o c s  with each discharge,  a s tone 
here  and the re  began t o  move only when 50,000 second-feet w a s  reach&. 
The s tones  t h a t  did, move were s m i l l e r  than  t h e  average and probably re;)re- 
sented  s tones  about 6 inches i n  d i a m t e r .  The water sur fece  d i r e c t l y  
above t h e  gravel  f o r  50,000 second-feet TYIZS a t  e l eva t ion  284, and the 
channel width was approximately 250 f e e t  s o  t h a t  t h e  average ve loc i ty  thar; 
moved these  s tones  w a s  approximately 1 4  f e e t  p e r  second. This  t e s t  shows 
again t h a t  36-inch r i p r z p  i s  probzbly more than  m-ple t o  p r o t e c t  t he  channel. 

Channel water su r face .  The model d ischarg ing  75,000 second-feet 
with t h e  expected present  t a i l  water e l e v a t i o n  267.5 f e e t  i n  the r i v e r  
channel i s  shown i n  F isure  4 0 ~ .  The water sur face  i n  the  dischhrge 
channel was not  very rough; however, t he  flow washed over t h e  discharge 
chanhel barks.  

The t o p  of t he  t r a i n i n g  w e l l  along th?  l e f t  s i d e  of  t h e  d i s -  I 

charge channel and extending downstrean f r o n  t h e  s t i l l i n g  bas in  -ails a t  
e l e v a t i o n  280 and was s?rbmrged by the  design flow. The r iprapped banks 
of  t h e  discharge channel at  e l e v a t i o n  290 were n l so  submrged a d  it w a s  
decided t o  r a i s e  the  banks t o  e l e v a t j o n  296 and widen t h e  p r e l i n i n a r y  



conditions f o r  s m ~ l l e r  d l s c h a r i e s  s i ~ c e  they  s h ~ w e d  a tendency t o  cu t  
across  khe downstream end of the  r i g h t  bank of t h e  discharge channel. 
A s  a r e s u l t  of these  s t u d i e s  the  prel iminary cha.nne1, beginning a t  t he  
doknstream end of t he  bas in ,  was widened t o  tP.e dimensions shown i n  
Figure 2.  

Widening t h e  channel reduced the  water sur face  e l eva t ion  i n  the  
discharge channel below e l e v a t i o n  290; however, t he  des igners  wished t o  
maintain the  banks of t h e  discharge channel a t  e l e v a t i o n  296. 

Water sur face  roughness i n  t h e  discharge channel wes i n v e s t i -  
ga ted  i n  t he  1 : 50 n.odel t o  determine t h e  rnaxi~~un wave he ights  t o  be 
expected i n  t h e  p r o t o t y p .  Tes ts  s5owed t h a t  t he  h ighes t  waves occurred 
j u s t  d o m s t r e a m  of the  c e n t e r  bay f o r  15,000 second-feet ,  Figure L ~ A ,  with 
r e s e r v o i r  e l e v a t i o n  283.5 and t a i l  water a t  t he  1962 expected e l eva t ion .  
The wave he ights  measured along the  l e f t  and r i g h t  t ra . ining wal l s  were 
1-1/2 and occas ional ly  2 f e e t  high. It was es t imzted  t h a t  t h e  wares i n  
the  middle of  t h e  chanr-el downstream from t h e  c e n t e r  bay were 3 L O  4 f e e t  
high,  wnich i s  i n  agreement with the  wmes measured i n  the  1:28.3 s c a i e  
mode 1. 

A s  the  sp i l lwzy ga te s  were opened and t h e  discharge increased,  
maintaining t h e  r e s e r v o i r  a t  e l eva t ion  283.5, t h e  wave he ights  became l e s s  
2nd l e s s  u n t i l  the water sur face  became very snooth f o r  uncontrol led flow 
at r e s e r v o i r  e l eva t ion  283.5, measured near  the  headworks. Even with t h e  
t a i l  water lowered t o  t h e  e x p c t e d  1962 e l eva t ion ,  t h e  water su r face  i n  
the  discharge channel w a s  smooth. 

As  t he  discharge w a s  increased  s t i l l  f u r t h e r  t o  75,000 second-feet ,  
t he  waves aga in  became h ighe r . '  For 75,000 second-feet with t a i l  water 
expected i n  year  1962, t h e  waves from c r e s t  t o  t rough measured 2 t o  3 f e e t  
high downstream from the  r i g h t  bay, a s  shown i n  Figure 435. Exact wave 
measurements were not  made s ince  no severe waves appeared t o  e x i s t  a long 
the  channel banks. 

Canal Headworks S t ruc tu re  

No extensive t e s t s  were made on t h e  hydraul ic  c h a r a c t e r i s t i c s  of  
t h e  1 :50  s c a l e  model of' t h e  heaaworks s t r u c t u r e  i t s e l f ,  Figure 30; bu t  
while 'operat ing the  headworks s t r u c t u r e ,  it was noted t h a t  air pockets 
c o l l e c t e d  a long the roof  of t h e  conduits .  Since these  might a f f e c t  t he  
accuracy of any type of  metering device, t h e  roof  of  t h e  condui t s  w a s  
s loped upward t o  provide a 3-inch r i s e ,  as shown i n  Mglrre 6. Thus, air 
e n t e r i n g  from the  upstream end w i l l  f low along t h e  roof  and e x i t  at  t h e  
downstream end. 
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t he  ga te  was open. No se r ious  consequences from the  vortex could be 
c o n t e ~ p l a t e d  however. 

Rock Weir 

Generzl k s c r i p t i o n  . 
The rock we:r, Figures 7 through 13, is loca ted  i n  t h e  r e s e r -  

vo i r  a r e a  of t h e  ncw d a . ~  approximately 800 f e e t  upstream frorr, t h e  sp i l lway d 

nnd i s  ~topror,i:!~ately 550 Peet long. It w ~ s  modeled as shown i n  Figures 
1 6 ~  and h b .  

The e l e v a t i o n  of the  rock weir  c r e s t  could not be determined 
yrecise.l;r fz'on: a v a i l a b l e  prototype d2.t;~~; hcwever, it was Pao~rn t h a t  t he  
r e se rvo i r  s u r f m e  unstreem f r o n  the  weir  i s  a t  e levht ion  288 when t h e  
riT.rer i s  d ischarg ing  15,000 second-feet .  The approximste e l e v a t i o n  of 
the rock weir i n  %he rradel was. t he re fo re ,  deterair-cd by bu i ld ing  up the ' 
weir c r e s t  u n t i l  t h e  water surface u?streen? rezched e l eva t ion  288 f o r  a, 
discharge of 15,GOG secoui - fee t .  The prototype weir c r e s t  e l e v n t i o n  1.ias 
t h u s  detcr:nir,ed t o  'ce at el.evetion 2%. The prototype weir rriight, how- 
eve r ,  3e nore o r  i e s s  porous 5hzn the  n,odel vkich ~rnuld ~ f f e c t  t h e  c r e s t  
e: e v s t  i2r. deter;r,ined ~ b o v e .  Sicce t h e  determined e le-mt ion  zgree'd v i t h  
t h e  bes t  estirnatea of t he  ~ro',ot;rpe e l e v a t i o n ,  c r e s t  e l e v z t i o n  296 w a s  
used i n  a l l  t e s t s .  

1'; is  i n t p r e s t i n g  t o  ncte ir1 Fizure LLA t h e  two >.ather l a r g e  
slcw r!!ovi:~g edd ies  t h d t  occur dcwnstrei~n f r o n ~  the  weir neclr t h e  r i g h t  
alld .left nnnks. Tnesc two eddjes  c re  probably responsible  f o r  t h e  two 
ni..,jor deyressicns i n  the  pratotype r ive rbed  to_oogrephy shown i n  Figure 
13. Tne depress ions  are scoured holes  with bo t ton  e l eva t ion  240 a d  e r e  
locstei!  d i r e c t l y  benesth the eddies .  Rote, too,  t h a t  t he  l a r g e  eddy on 
t h e  r i g h t  creates another s m a l l  eddy r o t a t i n g  i n  reverse d i r e c t i o n .  
These f ~ t s  a r e  poin ted  out here t o  j.ndlc:ite that ';he [nodel i s  capzble 
of representinc; f low c h a r = c t e r i s t i c s  which ney o r  mzy not  h v e  been 
cbservcd with even cclreful st;u&j of t h e  pro to type .  For exiinple, t h e  
scour holes which %ere nolced i n  s ~ n d  dur ing  the  rode1 cons t ruc t ion  
could not be sxpln ined  ur . t i l  the  ~ o d e l  was operated.  

R e ~ o v a l  of t h e  !.Jeir 

I n  ';he g l z n n i n ~  of the  permanent d m ,  it W ~ S  ~~roposec?  t h a t  t h e  
rock weir be r e ~ o v e d  su f f i c i en%ly ,  e f t e r  c o q l e t i o n  of t he  d m  and 
spil-lway, t o  prevent  backwater e f f e c t s .  Sackwater e f f e c t s  i n  t h e  form r 

of increr?se2 r e s e r v o i . ~  e levz t ions  were t o  be avoided s ince  t h e  t o p  of 
t h e  Ind ian  l evees  along the  l e f t  bank upstrear. a r e  zt e l e v a t i o n  296 end 
it is  inpor t an t  t h a t  they not be overtop,ocd. 



Breaching the weir. The designers proposed t o  remove the weir 
by breacning it near the  r igh t  bank fo r  a length  of 50 t o  100 f e e t  which 
would lower the water surface behind the  weir su f f i c i en t l y  t o  drive 
equipment out on the  weir t c  remove the  remainder. To follow t h i s  plan 
it  would be necessary t o  have assurance t h a t  the i n i t i a l  breach could be 
made wide enough t o  lower the  water surface upstream of the weir below 
weir c r e s t  e levat ion so t h a t  a temporlary road could be b u i l t  on top  of 
the  weir out from the  l e f t  b,ank. 

It was apparent t h a t  i f  the  spillway ga tes  could be f u l l y  
opened during the weir removal operation the e levat ion of the  water sur- 
face both upstrean m d  downstream of the breach would be lower than i f  
normal reservoir  e levat ion 283.5 was maintained at the headworks. How- 
ever ,  with a lower rese rvo i r  elevation the full quota of 1,800 second-feet 
of i r r i ga t i on  water could not be delivered t o  t he  Palo Verde I r r i ga t i on  
D i s t r i c t .  Model s tud ies  were therefore made t o  obtain da ta  fo r  t h i s  and 
o ther  weir removal plans.  

Three arrangements of the rock weir were t es ted .  The first 
was w i t h  the  en t i r e  w e i r  i n  place w i t h  w e i r  c r e s t  e levat ion 286, the  
second was w i t h  a 50-foot-wide breach excavated t o  e levat ion 270, and 
the  t h i r d  was with a 100--foot-wide breach excavated t o  elevation 270. 

The t e s t s  were run with the  spillway gates  f u l l y  open so t h a t  
t he  water surface e levat ion at the  canal  intake s t ruc tu re  was f o r  
uncontrolled spillway flow. Curves p lo t t ed  from t h i s  da ta  fo r  the  th ree  
d i f f e r en t  weir condit ions a r e  shown i n  Figure 4 5 ~ .  

For 15,000 second-feet the 50-foot breach reduced the water 
surface elevation upstream of the  rock weir from elevat ion 288 t o  285.3 
f e e t  which is s l i g h t l y  below the  estimated rock weir c r e s t  elevation.  
The water surface near t he  canal intake was found t o  be a t  e levat ion 
278.5, 3 f e e t  above the  p r e l im invy  sil l  e levat ion of t he  headworks which 
was the  es tabl ished f l o o r  e levat ion at the  time of the  weir removal t e s t s .  
The i r r i ga t i on  d i s t r i c t ,  therefore,  would receive  about one - th i rd  of  t he  
f u l l  water quota, o r  600 second-feet, during the  removal operation. The 
100-foot breach reduced the  water surface upstream of the  weir f u r t h e r  
t o  elevation 283.3, but  the  water surface near t h e  canal  intake remained 
at e levat ion 278.5. 

When the  spil lway gates  were c losed t o  control  the  flow and 
mainttain rese rvc i r  e leva t ion  283.5 at t h e  headworks during the  weir 
removal, the  50-foot breach lowered the  water surface upstream of  t h e  
weir from elevat ion 288.4 t o  286.3. This may o r  may not  be suf f i c ien t i j r  
low fo r  the  proposed mthod  of construction of a temporary road on t he  
weir. 



water surface s u f f i c i e n t l y  t o  remove t h e  weir  a s  planned i f  t h e  15,000 
second-feet w a s  passed through the  spi l lway with the  ga te s  fully open. 
During weir removal, however, the ava i l ab le  i r r i g a t i o n  water would be 
reduced. On t h e  o t h e r  hand, i nc reas ing  t h e  breach width would not  
increase  t h e  a v a i l a b l e  i r r i g a t i o n  water.  The next  t e s t s  were t h e r e f o r e  
made t o  determine t h e  e l e v a t i o n  t o  which t h e  remainder of the  weir  * 

should be removed. 

Lowering the  weir .  Assuming the 50-foot breach t o  be  i 

s u f f i c i e n t ,  t h e  water  sur face  e l eva t ions  upstream and downstream of t h e  
weir f o r  a discharge of  75,000 second-feet were d e t e r r i n e d  with t h e  
remainder of t h e  weir  lowered t o  e l e v a t i o n  282, e l e v a t i o n  278, and - -  

e leva t ion  272. The water sur face  elevationsupstretun of  t h e  weir,  on 
t h e  upstream face  o f  t he  dam and near  the  can& in t ake ,  f o r  t h e  t h r e e  
weir e l eva t ions  are p l o t t e d  i n  Figure 1 5 ~ .  The curves i n  Figure 4 5 ~  
show t h a t  as the  weir i s  lowered, the water sur face  e l eva t ions  both 
upstream and downstreorn o f  t h e  weir are reduced, bu t  l i t t l e  i s  gained by 
lowering t h e  weir  below e l e v a t i o n  278. With the  weir  at e l e v a t i o n  276 
t h e  water su r face  upstream of  the weir was reduced t o  a p p r o x i ~ a t e l y  e l e -  
va t ion  293.2 and t o  about 291.3 on the  dam, which is higher  than  
des i r ab le .  IIowever, s ince  l i t t l e  a d d i t i o n a l  reduct ion  i n  water su r face  
e l e v a t i o n  can be obtained,  removing t h e  weir  below e l eva t ion  278 becomes 
an uneconomical opera t ion .  

A s  a check on t h e  data &ove, f u r t h e r  t e s t s  were conducted 
wi th  most of t h e  s t a f f  gages replaced with water surface poin t  gages and 
add i t iona l  poin t  gages installed a t  new l o c a t i o n s  a s  shown i n  Figure 17. 
The r i v e r  channel upstream o f  the  weir was f i l l e d  t o  e l e v a t i o c  278, 
s ince  it is  be l ieved  t h a t  s ed imen~  has probably depos i ted  behind t h e  
rock weir t o  make t h e  channel at  o r  near  t h e  e l e v a t i o n  of the  excavated 
weir c r e s t .  For previous tesr ;  runs t h e  channel bed was tit zbout e l e v a -  
t i o n  272. The check t e s t s  showed the  water su r face  at  gage "G," upstream 
of  the. weir, at e l e v a t i o n  293 and at gage "F," on t h e  dam, a t  290.9. 
Both e l eva t ions  were s t i l l  higher  than  the proposed maximuq water su r face  
e l e v a t i o n  290. 

Lowering the  t a i l  water. To determine how much of t h e  back- 
water  e f f e c t  was caused by t a i l  water, the  t a i l  water  downstream from the  
d ive r s ion  dam at  gage "A" was lowered t o  t h e  p red ic t ed  e l e v a t i o n  f o r  t h e  

1962, shown i n  Figure 14. The water  su r face  a t  gage "G" ups t r ean  
from weir was then at  e l e v a t i o n  292.0 and a t  gage "F" 289.7. The l a t t e r  
f igu re  i s  s a t i s f a c t o r y ,  b u t  a t  gage "G" t h e  sur face  w a s  s t i l l  2 f e e t  
h igher  t h v l  d e s i r a b l e .  For 1972, t a i l  water t e s t s  showed t h a t  gage "G" . 
would be a t  e l e v a t i o n  291.4 and gage "F" a t  288.8. 

Further  t e s t s  showed t h a t  i f  the  weir  c r e s t  and channel bed 
upstream from weir were lowered t o  e l e v a t i o n  272, t h e  water sur face  a t  



t a i l  water. For 1962 t a i l  water, gage "G" would be a t  elevation 291 and 
for  1972 e t  290. 

An aporaisal  of the  data and conclusions, up t o  t h i s  t i m ,  
indicated a general be l ie f  among a l l  persons concerned in  the tests t ha t  
the year 1972 was too f a r  i n  the future  t o  depend on retrogression t o  
produce f u l l  design capacity a t  the design head. It was f e l t  t h a t  a 
severe flood might develop pr io r  t o  1972 which might endanger the dikes. 
On the other hand, it was f e l t  t h a t  t o  lower the  weir t o  elevation 272 . 
would be a very cost ly  operation. General feel ing,  however, was t h a t  
1962 would not be too long t o  w a i t  f o r  a sa t i s fac tory  condition t o  
develop and tha t  elevation 278 was an eccllomical elevation t o  which t o  
lower the  c r e s t  of the rock weir. Other mthods of  reducing the  up- 
stream water surface elevations fo r  the  design capacity were then inves- 
t iga ted .  

Suggested nodifications.  It w a s  suggested t h a t  the spillway 
be widened, but model t e s t s  showed tha t  it would be necessary t o  Increase 
the spillway width by about 33 percent i n  addit ion t o  lowering the weir 
t o  elevation 278 and the downstream t a i l  water t o  the  1962 ant ic ipated 
elevation.  The model spillway discharged only about 67 percent of 
75,000 second-feet when the reservoir  water surface upstream of the weir 
was at elevation 290 and the  t a i l  water was s e t  f o r  the  1962 ant ic ipated 
elevation.  To widen the  spillway 33 percent w a s  not economically 
possible because foundation rock was lacking, therefore,  t h i s  idea was 
abandoned. 

F'urther modifications t o  the rock weir we& suggested and tested' 
using the  1962 ant ic ipated water surface elevation i n  t he  channel down- 
stream from the dam at gage "A". With 450 f e e t  of the 550-foot-long w e i r  
removed t o  elevation 278 and 100 f ee t  of it removed t o  e levat ion 272, 
the water surface upstream of the  dam was at elevation 291.5 fo r  75,000 
second-feet and at elevation 289.4 on the  upstream face of the  dam. By 
widening the channel t o  800 fee t  and excavating t o  elevation 278 except 
for  100 f ee t  a t  elevation 272, the water surface upstream of the weir 
w a s  reduced t o  elevation 291.0. A t  the  sanu3 t i m e ,  the water surface 
increased at the upstream face of the  dam t o  elevation 289.9. Further 
experiments showed, however, t h a t  i f  the channel widening i s  accomplished 
en t i r e ly  on the  right-hand side,  the  water surface elevation at the  dam 
is  affected very l i t t l e ,  i f  any. 

Recommendations. It was concluded from these t e s t s  t h a t  it 
was impossible t o  lower the  reservoir  surface t o  elevation 290 fo r  a 
discharge of 75,000 second-feet by any p rac t i ca l  and economical means. 
The d e s i w e ~ s  and f i e l d  representatives of the  project  theref ore decided 
t o  lower the weir a reasonable and economical amount. It was decided 



i n  1954, p r i o r  t o  the  construction of rock weir,  should be re-es tabl ished 
a t  the  present  weir s i t e .  

An equivalent  cross  sec t ion,  shown i n  Figure 13, was agreed upon. 
About 250 f e e t  of weir and p a r t  of the  l e f t  bank- t o  be removed t o  
e levat ion 278, about 250 f e e t  i n  ;he center  of  the  channel and 50 f e e t  
near the  r i g h t  bank t o  e levat ion 275, and 100 f e e t  near t h e  r i g h t  bank t o  
e levat ion 272. The deepest excavations, at e leva t ion  272, near the  r i g h t  
bank provided a d i r e c t  flow l i n e  t o  the  spillway which probably o f f e r s  
some advantages. This arrangement, according t o  t e s t s  previously 
described, w i l l  maintain water surface e levat ions  zlong the  upstream face 
of dam a t  a s l i g h t l y  lower l e v e l  than i f  the  deep excavation was on t h e  
l e f t .  Another advantage i s  t h a t  t h ~  remaining mater ia l  near the  l e f t  
bank may wash out of i t s  own accord during f lood t ims  since the  model 
indica ted  t h a t  the l e f t  end of the  rock weir washed out more e a s i l y  than 
the  r i g h t  end. 

Spillway Capacity 

Both models were used t o  determine t h e  ul t imate capacity of t h e  
spillway and c a l i b r a t e  the  spillway f o r  t h e  f u l l  range of r ese rvo i r  
e levat ions ,  gate openings, and ta i l  water e levat ions .  The 1:50 scale  
overa l l  model was p a r t i c u l a r l y  useful  i n  determining su i t ab le  loca t ions  
f o r  measuring the rese rvo i r  and t e i l  water e levat ions  i n  the  prototype. 

Since the  sec t iona l  model was constructed and t e s t e d  first, 
discharge c a l i b r a t i o n  da ta  obtained from it were used t o  give approxi- 
mate r e s u l t s  and curves t h a t  could be ref ined using the  more r e l i a b l e  
da ta  taken on the  overa l l  model. It was known t h a t  the  sec t iona l  model 
could not give rese rvo i r  and t a i l  water e levat ions  which would occur i n  
areas  where they could be neasured i n  the prototype. The sec t iona l  
model gives cor rec t  values, however, only i f  it can be assumed t h a t  all 
water approaching and leaving t h e  spillway is moving at the  same ve loc i ty  
as t h e  water approaching and leaving the  cen te r  bay of the  spillway. 

Sect ional  Model 

Uncontrolled flow. h t a  from the  sec t iona l  m o d e l m  used t o  
obtain the  preliminary uncontrolled discharge curve, Curve (A) ,  i n  
Figure 46 s icce  t h e  overa l l  model was not ye t  constructed. Present 
expected t a i l  water e levat ions ,  shown i n  Figure 14, were used with the  
discharge and approach channel beds at elevat ion 259. For t h e  design 
flow of 75,000 second-feet (25,000 per  bay), t h e  rese rvo i r  water surface 
was a t  e levat ion 289.96. However, the  veloci ty  head a t  t h e  rese rvo i r  
gage w a s  computed t o  be 3.0 f e e t  which, when added t o  289.96, gave t h e  
s t a t i c  reservoir  e l eva t ion  a s  292.96 f e e t .  This preliminary d a t a  on t h e  



s u f f i c i e n t  t o  discharge the  design flow at the  design rese rvo i r  e levat ion 
290 i f  t;he reservoir  e l eva t ion  was t o  be measured outside the  l i m i t s  of 
the approach channel. ,a , 

The preliminary approach bed s i t  elevat ion 259 was lowered t o  
e levat ion 256 t o  increese the  e f f i c iency  of the  spil lway and f o r  o ther  
design reasons. The lower approach bed was i n s t a l l e d  i n  the sec t ional  
model and t h e  spillwey reca l ib ra ted  f o r  uncontrolled flow. The rese rvo i r  
water surface was found t o  be a t  e levat ion 290.37 f o r  the  design flow of 
75,000 second-feet. The ve loc i ty  head was 2.51 f e e t  which gave the  
s t a t i c  reservoir  a s  e leva t ion  292.88 f e e t .  Therefore, the  e f f i c iency  of 
the submerged c r e s t  was increased by very l i t t l e  by lowering the eleva- 
t i o n  of the  &pproach bed; t h e  headwater e levat ion necessary t o  pass 
75,000 second-feet was reduced only 0.08 foo t .  

Gcte control led  flow. In  the prototype, the  rese rvo i r  eleva- 
t i o n  a t  the  canel  headworbs i s  t o  be maintained at e leva t ion  283.5 
whenever poss!.ble ; therefore ,  a l l  gate control led  flow w i l l  occur with 
headwater e levat ion 283.5. The gate control led  discharge curves shown 
i n  Figure 47 obtained from the  sec t iona l  model. The an t i c ipa ted  
t a i l  water curves of Figure 1 4  f o r  the  present ,  year 1962, and year 1972 
a r e  a l s o  shown i n  Figure 47 so  t h a t  discharges f o r  fu tu re  years a s  well  
cs the present may be estimated. With f ixed rese rvo i r  e levat ion 283.5, 
the  discharge should depend on t h e  gate opening and the  t a i l  water eleva- 
t i o n .  However, the e levat ion of the  discharge channel i n  the  sec t iona l  
model was a l s o  found t o  a f f e c t  the  quant i ty  of flow f o r  any given t a i l  
water e levat ion.  With the  discharge channel bed a t  s i l l  e levat ion 251, 
t h e  spillway discharged more water f o r  the  same rese rvo i r  and t a i l  water 
e levat ions  than when the  bed sloped up t o  e levat ion 259. The higher bed 
submerged the  flow over the  spillway t o  a grea te r  degree i n  the  s t i l l i n g  
bas in ,  and, therefore ,  reduced the  discharge. The e leva t ion  of water 
surfece at the  tail  water gage was not a f fec ted  by t h e  higher bed, how- 
ever ,  because t h e  water surface sloped downstre-m from the  basin t o  the  
t a i l  water gage located approximately 300 f e e t  downstream from the  end 
of the  basin.  When the  channel bed was nolded l e v e l  at  s i l l  e leva t ion  
251, the  water surface from the  s t i l l i n g  basin t o  t h e  gage was more 
near ly  l e v e l .  

The curves i n  Figure 47 were a l s o  used t o  determine the  sa fe  
gate  opening increment f o r  operat ing the prototype ga tes .  I f  t h e  proto-  
type gates are  opened rap id ly  o r  i f  the  increment is  t o o  l a rge ,  t h e  
increased discharge m a y  be t o o  great  f o r  the  e x i s t i n g  t a i l  water eleva- 
t i o n ,  r e s u l t i n g  i n  sweep out  and the p o s s i b i l i t y  of  se r ious  erosion 
downstream from t h e  apron. In  fu ture  years when t h e  t a i l  water is  
expected t o  be lower than at  present  t h i s  type of operat ion is more 
l i k e l y  t o  occur. 



of gate opening. Af'ter t he  th ree  gates  have been opened 5 f e e t ,  the  
t a i l  water should be allowed t o  s t a b i l i z e  before increasing the gate 
opening. This might take a matter of minutes o r  hours, depending on 
downstream conditions. With 1972 t a i l  water, a 5-foot increment from a 
5-foot opening t o  a 10-foot opening produces a discharge of about 18,000 
second-feet with t a i l  water e levat ion 270.2. Opening another 5-foot 
increment before t h e  t a i l  water had r i s e n  would r e s u l t  i n  near sweep out 
conditions. The t a i l  water should be allowed t o  r i s e  t o  about e levat ion 
274.6 before a second 5-foot increrrent is  attempted. A s  t he  ta i l  water b 

r i s e s ,  the  discharge w i l l  be reduced according t o  the  slope of the  gate 
opening curves which a l s o  adds t o  the  margin of  s a f e t y  i n  opening the  
next increment. It i s  therefore  recommended t h a t  gate opening increments 
do not exceed 5 f e e t  and t h a t  successive 5-foot increments be made only 
a f t e r  the  t a i l  water e levat ion h&s reached a sa fe  e levat ion.  The dot ted  
hor izonta l  l i n e s  on Figure 47 show the  maxirnunt discharge and lowest t a i l  
water t h a t  w i l l  r e s u l t  from t h i s  procedure f o r  t h e  1972 t a i l  water 
condit ions.  For present  and 1952 t a i l  water t h e  i n c r e m n t  would not be .. 
c r i t i c a l .  

The Overall Model 

Gate control led  and uncontrolled flow. Before discharge c a l i -  
b ra t ions  were s t a r t e d ,  the  locat ions  f o r  measuring headwater and t a i l  
water e levat ion i n  the  model were se lec ted ,  keeping i n  mind t h a t  these  
loca t ions  had t o  be duplicated i n  the  prototype. The water surface along 
t h e  r i g h t  bank upstream from t h e  headworks was f a i r l y  quie t  f o r  a l l  
discharges, therefore ,  loca t ion  "E" i n  Figure 17 was se lec ted  f o r  t h e  
headwater o r  r e se rvo i r  gage. I n  the  downstream area,  t h e  water surface  
t o  the  r i g h t  of  t h e  downstream right-hand corner of t h e  s t i l l i n g  bas in  
was s t a b l e  f o r  a l l  discharges, therefore,  a gage was i n s t a l l e d  a t  
loca t ion  "C" i n  t h e  model t o  measure t a i l  water e levat ions .  Both of 
these  gages could be constructed i n t o  the  w a l l s  of the  prototype s t r u c -  
t u r e  and could e a s i l y  be piped t o  z loca t ion  convenient f o r  t h e  gate  
operator .  

IJsing an erodible  sand bed downstream from t h e  r i p r a p  i n  t h e  
discharge channel t h a t  eroded a s  shown i n  Figure 4 2 ~ )  the  spillway was 
c a l i b r a t e d  f o r  gate  control led  flow with rese rvo i r  a t  e l eva t ion  283.5 
and f o r  uncontrolled flow with higher r ese rvo i r  e levat ions .  These dis- 
charge curves are shown i n  Figure 48 and may be used f o r  prototype 
operat ion of the  spillway. A l l  t h ree  gates  a r e  t o  be opened t h e  same 
amount. 

I 

To determine the  r e l i a b i l i t y  of t h e  discharge curves i n  Figure 
k3 f o r  varying condit ions,  the  erodible sand bed i n  t h e  discharge channel 
w a s  replaced t o  about e leva t ion  270, as shown i n  Figure 2, and covered 
with a l a y e r  of l /4-inch pea-gravel t o  prevent erosion of the  discharge 



whether the curves i n - ~ i ~ u r e  48, which were obtained with an erodible  
sand bed downstream from the r ip rap  t h a t  d id  erode as shown i n  Figure 
42, were s t i l l  r e l i ab l e .  No measurable differences i n  the  discharge 
curves could be detected. It was therefore  concluded t h a t  the  curves 
of Figure 48 were r e l i ab l e  f o r  any ant ic ipated condition of the  d i s -  
charge channel bed. 

The 20-foot gate opening curve, i n  Figure 48, had a shape 
somwhat d i f f e r en t  from the other  gate opening curves. This appeared 
t o  be due t o  a pi leup i n  the water surface at  the  headwater gage t h a t  
occurred only f o r  t h i s  gate opening. As the t a i l  water elevation was 
lowered, the  pileup becarne more pronounced. Since the  same condition 
i s  expected t o  occur i n  the  prototype, the 20-foot gate opening curve 
i s  r e l i ab l e  f o r  determining the  discharge i n  the  prototype; but the 
t rue  reservoir  water surface near t he  intake w i l l  not  be qu i te  as  high 
a s  e levat ion 283.5. 

The gate control led  discharge curves from the  overa l l  model, 
Figure 48, agreed quite well with those from the  sect ional  model, 
Figure 47. The 5-foot gate opening curves from the  two models are 
nearly iden t ica l  while the  l a r g e r  gate openings show l e s s  discharge i n  
the overal l  model. The reason f o r  t h i s  i s  t h a t  the  t a i l  water gages 
were not i n  t h e  same locat ion i n  both models and t h i s  becomes an 
important f a c to r  as  the discharge is  increased. The t a i l  water gage a t  
point  "C," i n  F'igure 17, measured a lower water surface than the  t a i l  
water gage i n  ?;he sec t iona l  model because i n  the  overa l l  model the water 
surface i n  the  center  of the  channel was s l i a t l y  higher than at the  
banks. 

The uncontrolled discharge da ta  from the  1 :50 sca le  overa l l  
model a l s o  shows close agreement with the  sec t iona l  model data .  The 
uncontrolled dischlarge Curve ( A )  i n  Figure 46 was obtained from the  
sec t iona l  model. The uncontrolled discharge Curve (c) i n  F'igure 46 was 
obtained from the  ove ra l l  model, using t a i l  water and bed e levat ions  i n  
the  overa l l  modei similar t o  those used i n  the  sec t iona l  model. The two 
curves check veyy c losely .  I n  the  overa l l  model the  reservoir  e levat ion 
f o r  75,000 secand-feet is  about 1 foo t  higher than i n  t he  sect ional  
model; howeve?,, the veloci ty  of approach a t  r ese rvo i r  gege "E" located 
near the  headworks i n  t he  ove ra l l  model i s  not as great  as at  the reser-  
vo i r  gage i n  the 2-foot f lume of the sect ional  n;adeL. Making allowances 
f o r  the  diffelrent veloci ty  heads, t h e  s t a t i c  reservoir  e levat ions  a re  
about the s a w .  

Discharge channel bed e levat ion a f f e c t s  spillway capacity. 
a t h o u g h  the  gages at "C" and'%" are used t o  determine the  discharge 
through the  spillway, gage "C" does not r e f l e c t  the  t a i l  water e levat ion 
a s  it occurs i n  the r i v e r  channel s ince  the discharge channel a c t s  as a 



includes f i v e  p a i r s  of curves ~ h o w i n ~ ~ e l e v a t i o n s  f o r  gages "A" and "C" 
with t h e  gage a t  "E" held a t  r e se rvo i r  e levat ions  283.5, 285) 287.5) 
290, and 292.5 ( lef t -hand ordincte) .  Intermediate headwater e levat ion 
may be in terpola ted .  In  a l l  cases  the  curves show the  e levat ion a t  gage 
"C" t o  be higher than a t  gage "P." when the  discharge channel bed i s  a t  
e levat ion 270. When the  discharge channel bed erodes, however, gages "A" 
and "C" read p r a c t i c a l l y  t h e  sane and the  spillway w i l l  pass more discharge 
a t  the  same headwater. Thus, Figure 49 mey be used t o  e s t i ~ n t e  t h e  . 
probable capacity of the  spillway f o r  a range of t o i l  water e levat ions  
and discharge channel bed e levat ions .  With a given reservoir  elevatior .  
a t  gage "E" ( lef t -hand ordinate i n  Figure 49) i n t e r s e c t  t h e  gage "A" 
curve v i t h  the  t a i l  water curve f o r  any p a r t i c u l a r  year.  This gives t h e  
spillway capacity with discharge channel, bed a t  e levat ion 270. k?en the  
discharge chmnel  bed has eroded t o  e levat ion 260, gage "AA" w i l l  read 
approximately the  s m  as  gage "C" because of the  increased discharge ; 
therefore ,  i n t e r s e c t  curve "tr" with t a i l  water curve f o r  the  p a r t i c u l a r  
year t o  obtain increased s p i l l v a y  capacity. For example, f o r  r e se rvo i r  
e levat ion 283.5 a t  gage "E" near the  carial hezdworks, with the  discharge 
channel bed a t  e levat ion 270, the maximum uncontrolled discharge through 
the  spil lway is  29,000 second-feet f o r  present  t a i l  water e levat ion i n  
the  r i v e r  channel a s  shown a t  In te r sec t ion  (1) i n  Figure 49. However, 
i f  s u f f i c i e n t  erosion i n  the  discharge channel occurs, the  water surface 
e levat ion a t  gage "C" i n  the  discharge channel w i l l  become p r a c t i c a l l y  
t h e  same as  i n  t h e  r i v e r  channel a t  gage "A," and In te r sec t ion  (2)  i n  
Figure 49 shows t h a t  the  uncontrolled discharge f o r  present  tci l  water 
e i eva t ion  w i l l  be increased t o  36,000 second-feet. For t a i l  water elevc- 
t i o n  i n  year 1962 the  d i f ference  would be between 34,000 and 45,000 
second-feet a s  shown a t  In te r sec t ions  ,(3) and (L) i n  Figure 49. 

The sam coxpar ism f o r  reservoir  e l eva t ion  290 a t  gage "E" . i s  
shown a t  In te r sec t ions  ( 5 ) )  (6 ) ,  (7 ) ,  zna (8) i n  Figure 49. For present  
t a i l  water condit ions the  spillway discharges 59,000 second-feet, 
In te r sec t ion  ( 5 ) )  and i n  1962 it w i l l  discharge 54,000 second-feet, 
In te r sec t ion  (6);  i f  the  t a i l  water e levat ion i n  the  discharge channel 
i s  reduced by eros ion t o  e levat ion 269, the  spillway w i l l  discharge 
about 70,000 second-feet, In te r sec t ion  ( 7 ) )  with present  t a i l  water 
and 78,000 second-feet, In te r sec t ion  (8)) i n  1962. Curves (B)  , ( c ) ,  ( D ) ,  
and ( E )  i n  Fieure 46 can be used t o  v e r i f y  t h e  conparison made above i n  
Figure 49. 

It m y  therefore be concluded t h a t  the  maximum cegsci ty  of the  
spillway with present  expected t a i l  water e levat ion w i l l  be 59,000 second- , 
f e e t .  An eddi t ional  1,800 second-feet may be discharged through the  
canal headworks, making t h e  t o t a l  capacity of the s t ruc tu res  about 61,000 
second-feet. Additional capacity w i l l  be avai lable  only a f t e r  eros ion 
of the  discharge channel and degrzdation of the  r i v e r  channel have reduced 
t h e  submrgence e f f e c t  on the  spillway. 



Reservoir e levat ions  upstream from t h e  headworks. With t h e  
maximum discharge condit ions described above, t h e  rese rvo i r  water surface  
w i l l  be a t  e levat ion 290 a t  the  headworks, gage "E," but w i l l  be higher 
i n  the  rese rvo i r  upstream, a s  shown i n  Figure 49. For example, f o r  
59,000 second-feet, In te r sec t ion  (5 )  i n  Figure 49, t he  e levat ion a t  gage 
"F" on the  upstream face  of t he  dam, see Figure 17, is  at  e levat ion 
290.6 and upstream of t h e  rock weir a t  cage "G" t h e  e levat ion i s  291.3. 
For 70,000 second-feet, In te r sec t ion  ( 7 ) )  t he  water surface on the  face  
of the  dam i s  a t  e levat ion 290.8 and upstream of  t he  weir a t  elevation 
291.6 f ee t .  

By in terpola t ion between curves, Figure 49 a l so  shows t h a t  i f  
t he  design spillway flow of 75,000 second-feet occurs w i t h  present  t a i l  
water e levat ion and before erosion of t h e  discharge channel bed occurs, 
the  e levat ion a t  the  headworks, gage "E," w i l l  be about 272.4; a t  t h e  
dam face,  gage "F," about 293.6; and upstream of t h e  weir a t  gage "G," 
about 294.6. Extensive excavation of t h e  discharge channel bed t o  below 
elevation 270 when constructing the  prototype would be required t o  lower 
these  elevations.  The designers believed, however, t h a t  na tu ra l  erosion 
of the  bed c-ould accomplish t h i s  within a few years. 

River Currents 

The i n t ens i t y  and d i rec t ion  of flow currents  i n  t h e  downstream 
r i v e r  channel were investigated t o  be sure t h a t  Indian reservat ion lands 
along t he  l e f t  bank were not endangered by flow currents  cross ing t he  
r i v e r  near t he  discharge channel e x i t .  The d i rec t ion  and r e l a t i v e  
i n t ens i t y  of  flow currents  f o r  discharges of l5,OOC) 34,000, and 75,000 
second-feet a r e  shown i n  Figure 50. Paper c o n f e t t i  and a 1/5-second 
exposure were used t o  show the  currents .  Therefore, the  longer s t reaks  
indicate  f a s t e r  ve loc i t i e s .  

For 15,000 second-feet through t h e  spillway with t a i l  water 
a t  the  present expected elevation,  flow cur ren t s  from t h e  discharge 
channel cross  t he  r i v e r  channel from r i gh t  t o  l e f t  i n  a diagonal d i rec-  
t i on ,  a s  shown i n  Figure 50A. The main current  i s  near t he  l e f t  bank. 
However, t h e  currents  leaving t h e  discharge chm-nel a r e  spread t o  t he  
f u l l  width of  t h e  r ive r ,  and cu t t i ng  ve loc i t i e s  do not occur adjacent  t o  
the  l e f t  bank. The ve loc i ty  of flow was measured near t he  l e f t  bank, 
r i gh t  bank, and center  of  t h e  channel by use of a Bentzel tube and are 
shown i n  Figure 50. Along t he  l e f t  bank t he  ve loc i ty  d i d  not  exceed 3 
prototype f e e t  per second. 

For 34,000 second-feet, Figure 50B, with t [ ~ e  r i v e r  t a i l  water 
a t  about e levat ion 282, the  flow was not d i rec ted  i n to  t h e  l e f t  bank. 
Velocit ies measured near t h e  le f t  bank d id  not exceed 4 f e e t  pe r  second. 



- .  
at e l eva t ion  285: 5, which i s  t h e '  expected e l e v a t i o n  i n  1962, t h e  mein 
cu r ren t  w a s  near  the  c e n t e r  of t h e  channel. and measured about 7 f e e t  p e r  
second. Ve loc i t i e s  near  the  l e f t  bank d i d  not  exceed 4 f e e t  per  second; 
these  occurred 50 t o  100 f e e t  from t h e  shore l ine .  Water along t h e  shore-  
l i n e  w a s  dead water ,  but when the  t a i l  water e l e v a t i o n  was increased  t o  
287.5 f e e t  t h e  v e l o c i t y  had an upstream d i r e c t i o n .  

For 311,000 and 75,000 second-feet  t h e  ends of the  discharge . 
channel banks a r e  submrged a d  t he re fo re  do not t u r n  the flow toward 
t h e  l e f t  bank. Ins t ead ,  t he  flow c u t s  ac ross  t h e  r i gh t  bank as it 
leaves  t h e  discharge channel. The main flow, the re fo re ,  i s  nea re r  t o  
t h e  r i g h t  bank than  the  l e f t  as ind ica t ed  i n  Figure 50C and by the  scour  
p a t t e r n  i n  Figure 50D. I n  f a c t ,  t he  scour p a t t e r n  shows a tendency f o r  
ma te r i a l  t o  depos i t  along the  l e f t  bank r a t h e r  than  t o  scour ma te r i a l  
from it. Therefore, it i s  be l ieved  t h a t  t he  l e f t  bank is not  i n  danger 
of  ex tens ive  eros ion .  















FIGURE 7 
REPORT HYD 408 
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PAL0 VERDE 1)IVERSION DAM 
OUTLINE OF PROTOTYPE AREA MODELED 



P A L 0  VERDE DIVERSION DAM 
AERIAL VIEW O F  TEMPORARY ROCK WEIR 



P A L 0  VERDE DWERSION DAM 
TEMPORARY ROCK WEIR DISCHARGING 16,000 SECOND FEET 



P A L 0  VERDE DIVERSION DAM 
FLOOD DAMAGE TO TEMPORARY ROCK WEIR LOOKING UPSTREAM 
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FLOOD DAMAGE TO TEMPORARY ROCK WEIR - LOOKING TOWARD LEFT BANK DL 
tF. 



P A L 0  VERDE DIVERSION DAM 
FLOOD DAMAGE TO TEMPORARY ROCK WEIR - LOOKING TOWARD LEFT BANK 







FIGURE 15 
REPORT HYD 408 

b Test flume and equipment used to 
test sectional model 

Single bay sectional model with 
preliminary bucket type energy 

dissipator in place 

PAL0 VERDE DIVERSION DAM 
SECTIONAL SPILLWAY MODEL 

1:28.3 SCALE MODEL 









One bay discharging 25,000 second feet  with 
reservoir at elevation 290 

PAL0 VERDE DIVERSION DAM 
PRELIMINARY SPILLWAY BUCKET DISCHARGING 

1:28.3 SCALE MODEL 







FIGURE 22 
R E P O R T  HYD 40 

Baffles 14-feet wide, 
s lo ts  25-inches 

Baffles 7-feet wide, 
s lo ts  18-inches. 

Baffles t ape r  f rom 
7-feet upstream t o  
6-feet 9 inches down- 
s t r eam,  s lo t s  f rom 
24 inches to  27 inches,  

Note: The conditions shown are a t  the conclusion of a 
30 minute model erosion t e s t  in which the discharge is 
8,000 second feet, the r e se rvo i r  a t  elevation 283.5, 
and the tai lwater  at elevation 271. 

P A L 0  VERDE DIVERSION DAM 
PRELIMINARY SPILLWAY BUCKET WITH B A F F L E  MODIFICATIONS 

1 :28.3 SCALE MODEL 





FIGURE 24 
REPORT HYD 408 

Baffles taper from 5 feet 
9 inches upstream to 5 feet 
6 inches down s t ream,  slots 
from 24 inches to 27 inches. 
See Figure 21 fo r  batflec 
profile dimensions. 

Note: The conditions shown a r e  at  the conclus 
model erosion test in which the discharge is 
the reservoir at elevation 283.5, and the tail 
271. 

PAL0 VERDE DIVERSION DA 
25- FOOT RADIUS SPILLWAY BUCKET WITH 

1:28.3 SCALE MODEL 

Solid buck.et with 
horizontal top on 
end sill. See Figure 25. 

Solid bucket with 
sloping top on end sill.  
See Figure 25. 

' a 30-minute 
second feet, 
a t  elevation 

[FICATIONS 







FIGURE 27 
REPORT HYD 408 

2:1 sloping end sill.  
See Figure 26A 

Double slope end sill.  
See Figure 26B. 

C. 4:l sloping end sill.  
See Figure 26C. 

Note: The conditions shown a r e  at the conclusion of a 30-minute 
model erosion test  in which the discharge i s  8,000 second feet, 
the reservoir  a t  elevaticn 283.5, and the tailwater at  elevation 271. 

PAL0 VERDE DIVERSION DAM 
HORIZONTAL APRON AT ELEVATION 245 

WITH VARIOUS END SILL ARRANGEMENTS 
1 :28.3 SCALE MODEL 



FIGURE 28 . 
REPORT HYD 408 

6 baffles on 
sloping end 
See Figure 

4:l 
sill. 
26D. 

6 .baffles on apron 
upstream from 4:1 sill. 
See Figure 26E. 

C. 6 baffles on apron 
upstream from 2:l 
end sill. See Figure 26F. 
Hydraulic performance 
best of any design tested. 

Note: The conditions shown a r e  at the conclusion of a 30 minute 
model erosion test  in which the discharge is 8,000 second feet, 
the reservoir  a t  elevation 283.5, and the tailwater a t  elevation 271. 

PAL0 VERDE DIVERSION DAM 
HORIZONTAL APROP 4T ELEVATION 245 

WITH VARIOUS END SILL F * i ~  3AFFLE ARRANGEMENTS 
1:28.3 SC a ?' F; MODEL 





FIGURE 30 
REPORT HYD 408 

A. Spillway approach channel. Note the 
sand deposit near the canal headworks. 

B. 75,000 second  feet. 

PALO VERDE DIVERSION DAM 
PRELIMINARY SPILLWAY APPROACH AREA 

MODEL VIEWS 
150 SCALE MODEL 



P A L 0  V E R D E  D I V E R S I O N  D A M  

PRELIMINARY CANAL H E A D W O R K S  STRUCTURE 



FIGURE 32 
REPORT HYD 408 

A.  Preliminary left wall. 

B.  24 foot radius wall 

C.  51 foot radius wall - Recommended 

PAL0 VERDE DIVERSION DAM 
LEFT SPILLWAY APPROACH TRAINING 

WALL 75,000 SECOND F E E T  
1 :50 SCALE MODEL 

.P'* 



P O R T  HYD 408 

A .  15,000 second feet 
( 1  /5 second exposure). 

B. 34.000 second feet 
(1 / 5  second exposure). 

P A L 0  VERDE DIVERSION DAM 
,OW PATTERNS IN T H E  PRELIMINARY SPILLWAY APPROACI 

1:50 SCALE MODEL 



FIGURE 34 
REPORT HYD 408 

A .  Flow pattern on water surface 
75,000 second feet discharging 
(1 /10 second exposure). 

B.  Flow pattern on approach C. Flow pattern on approach 
channel bed for 34,000 channel bed for 75.000 
second feet.  second feet.  

P A L 0  VERDE DIVERSION DAM 
FLOW PATTERNS IN THE PRELIMINARY SPILLWAY APPROACH 

1 :50 SCALE MODEL 



FIGURE 35 
REPORT HYD 408 

A .  F low pattern on water 
s u r f a c e  (1110 second 
exposure)  

B. Flow pattern on approach 
channel bed. 

FLOW 
P A L 0  VERDE DIVERSION D A M  - - - - - - - . - 

PATTERNS IN THE SECOND SPILLWAY APPR( 
75 ,000  SECOND FEET 

1 5 0  SCALE MODEL 







A.  Water surface flow patterns 
34,000 second feet  discharging 
( 1  /5 second exposure).  

B. Water surface f ow patterns 
75,000.second 1 e e t  discharging 
(I / 10 second exposure). 

PALO VERDE DIVERSION DAM 
AOW PATTERNS IN THE RECOMMENDED SPILLWAY APPROAC 

1:50 SCALE MODEL 



FIGURE 39 
REPORT HYD 408 

A.  Flow through the spillway 
approach 50,000 second feet 
with reservoir  elevation 
283. 5 and tailwater elevation 
281, expected in 1967. 

B. Flow through the spillway 
gate se&ion 75,000 second 
'feet. Present tailwater 
elevation 287 .5 .  

P A L 0  VERDE DIVERSION DAM 
FLOW CURRENTS THROUGH THE RECOMMENDED SPILLWAY 

APPROACH AND GATE SECTION a 
1:50 SCALE MODEL 



A .  15 ,000  second feet with 
present expected tailwater 
elevation 277 in r iver  
channel. Reservoir  elevation 
2 8 3 . 5  near canal intake. 

B. 75 ,000  second feet  with 
present expected tailwater 
elevation 287 .5  in r iver  
channel. Reservoir  elevation 
291 .5  near headworks. 

P A L 0  VERDE DIVERSION DAM 
RECOMMEND SPILLWAY DISCHARGING 

1:50 SCALE MODEL 

C.  Erosion after 30 min. modei 
tes t  at  75,000.second feet  
with present expected tailwater 
elevation. 



BOTTOM V E L O C I T Y  - FT./ SEC. 

T E N T A T I V E  GURVE TO AID IN DETERMING RIPRAP SIZES 

" 546 



A. 18 to  36 inch riprap in 
discharge c h o ~ n e l  prior 
t o  erosion test. - 

B. Erosion after 45,000 second 
feet for 30  minutes with 
tailwater at elevation 281 
expected in year 1967. 
Reservoir at elevation 
283.5 near headworks. 

PAL0 VERDE DIVERSION DAM 
DISCHARGE CHANNEL EROSION TRENDS 

RECOMmNDED SPILLWAY 
1 5 0  SCALE MODEL 

C. Erosion after 75,000 second 
feet for 30 minutes with 
t.ilw8ter at elevation 283 
expected in year 1970. 
Reservoir at elevation 288 
near headworks. s 

M ~ , r  
Pg 
4 9  



FIGURE 43 . 
REPORT HYD 408 

A.  15,000 second feet. Tailwater elevation 
274 in river channel for year 1962. 
Reservoir elevation 283.5 near canal 
headworks. 

B. 75,000 second feet. Tailwater elevation 
286 in river channel for year 1962. 
Reservoir elevation 290 near canal headworks. 

PAL0 VERDE DIVERSION DAM 
DISCHARGE CHANNEL WAVES 

RECOMMENDED SPILLWAY 
1 5 0  SCALE MODEL 



FIGURE 44 
REPORT HYD 408 

A.  Water surface upstream of weir  approximately 
elevation 288, downstream approximately 278. 
Discharge approximately 15,000 second feet. 
(See Figure 9 for prototype comparison). 

B. Discharge 15,000 second feet, water surface 
upstream of weir at  elevation 288.4  and water 
surface downstream of weir a t  elevation 283.5. 

C. 50' Breach--Discharge 15,000 second feet, 
water surface upstream of weir a t  elevation 
286.8, and downstream of weir a t  elevation 283.5. 

P A L 0  VERDE DIVERSION DAM 
TEMPORARY ROCK WEIR AT ELEVATION 286 

1 :50 SCALE MODEL 





D I S G H A R G E  7 I000 C.F:S. 

Tailwater ( T.W.) elevation in t h e  overal l  model was meosured in the  r i v e r  channel a t  Gage A 
in Figure 17. Bed elevation shown above i s  the highest elevation of the discharge channel bed. 
Reservoir elevation in the overall model was measured a t  gage E in F igure  I 7 .  

P A L 0  V E R D E  D I V E R S I O N  D A M  

UNCONTROLLED SPILLWAY DISCHARGE CURVES 
1 : 28.3 AND 1 : 5 0  S C A L E  MODELS 









A. 15,000 second feet B. 34,000 second feet .  

C. 75,000 second feet D. Erosion following 75,000 second feet P 
M 
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RIVER FLOW CURRENTS C c u l  u o  
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